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Preface 


This volume is for geologists, geophysicists and reservoir simulation/petroleum engineers 
studying faulted and fractured reservoirs, particularly those interested in studying petro¬ 
leum traps, predicting fluid flow or modelling structurally heterogeneous reservoirs. 

The two main aims of the volume are to capture the wide range of rapidly expanding 
research in this area, which reflects the increasing importance of comprehensive ‘structural 
characterization’ in static reservoir descriptions, and to help promote synergy between the 
geosciences and petroleum engineering disciplines. The first aim is addressed by the sixteen 
papers of the volume, the majority of which cover a range of structural geological features, 
particularly faulted and fractured reservoirs, fault gouge properties, fault seal potential 
and fluid flow/simulation modelling in faulted and fractured reservoirs. The papers draw 
heavily on experience obtained in the North Sea. 

The first two papers set the theme of the subject area. The remainder of the book is 
divided into two parts: faults and fractures (ten papers), and case studies (four papers). 

In the introduction, Cosgrove reviews the role of structural geology in reservoir 
characterization and contrasts traditional aspects of structural geology, which focused 
on the three-dimensional geometry and spatial distribution of structures, with recent 
trends, which consider the dynamics of structure formation and the interplay of stress 
and fluid migration. 

This is complimented by Archer, who provides a broad, petroleum engineering view of 
reservoir characterization, covering both static description and dynamic modelling aspects, 
and reviews some of current industry challenges in field development and reservoir manage¬ 
ment. 

The majority of the volume is devoted to various aspects of faults and fractures. Freeman 
et ah present a methodology for predicting fault seal potential, the Gouge Ratio method, 
which integrates seismically based geometrical data with well-based lithological and 
compositional information. Application of this method in the Oseberg South field is 
demonstrated. Experimental aspects of fault plane characteristics are considered by 
Crawford, who quantifies the magnitude of permeability reduction in a series of experi¬ 
ments on artificially-induced shear bands. 

Gabrielsen et ah emphasize the importance of evaluating the complete fracture system in 
subsurface structural reservoir characterization, including the full deformation history, 
lithology (grain size, composition, bed thickness, etc.), rheological properties and the 
relationship of the well under investigation to nearby larger structures. The impact of 
fault geometries on compartmentalization, effective permeability and fluid flow in high 
porosity sandstones has been assessed by Manzocchi et ah in a series of numerical flow 
simulations. Gibson also considers faulted sandstone reservoirs and emphasizes the impor¬ 
tance of understanding the nature (e.g. lithology, composition, clay content, etc.) and fluid 
flow properties (e.g. permeability and capillary displacement pressures) of the sandstone- 
derived fault zones, of which two main types are highlighted: deformation bands, derived 
from quartz-rich sandstones, and clay matrix gouge zones, derived from mineralogically 
immature sandstones. Walsh et ah present a range of fault and fault array models, to inves¬ 
tigate the impact of variations in fault density, spatial distribution, orientation distribution 
and fault zone permeability (relative to the bulk permeability of the host rock) on the 
overall single phase horizontal bulk permeability of a typical North Sea Brent Group 
reservoir. Results demonstrate that fault densities are much more significant than spatial 
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and orientational variations, but prediction of fault zone hydraulic properties is a crucial 
uncertainty in all these, and similar, modelling studies. One approach to improving the 
description of fault-related heterogeneities in reservoirs is to use seismic anisotropy, as 
pointed-out by Owen et al ., who demonstrate its value in predicting fault aggregate 
alignments and cluster distribution. Foley et al. consider numerical fluid flow modelling 
techniques in faulted reservoirs, noting limitations in many modelling programs, and 
conclude that the Boundary-Fitted Co-ordinate Technique allows for more realistic fault 
geometries to be modelled. Reiterating previous conclusions, they emphasize the impor¬ 
tance of information on fault zone characteristics to enable confident predictions of perme¬ 
ability distribution in faulted reservoirs. The curvature analysis of gridded surfaces, 
particularly those generated from 3D seismic data, offers a means of predicting fracture 
distribution according to Stewart & Podolski. They argue that the sum of the absolute 
values of principal curvature reflects the spatial variance in strain, and hence to fracture 
density, and that these data could form an inexpensively-derived surface attribute of 
horizons mapped on 3D seismic data. Couples et al. emphasize the importance of strain 
partitioning during flexural (bedding plane) slip folding. They note that most petroleum 
reservoirs are created by fracture networks related to flexural deformation and that fracture 
characteristics reflect structural position within the fold. 

The final part of the volume is devoted to four case studies, where some of the previously 
discussed concepts are applied to a range of different structural settings. Younes et al. evaluate 
fracture development and its preservation in complexly faulted basement blocks in the Gulf 
of Suez, Egypt. Outcrop and sub-surface examples are discussed, the latter using high- 
resolution FMS and FMI image logs for fracture detection, and variations in fracture devel¬ 
opment noted as follows: (1) enhanced fracture density resulted from sheeting, faulting and 
dyke emplacement, and (2) reduced fracture density occurs as depth of erosion of basement 
blocks increases. Lonergan et al. note the presence of pervasive polygonal extensional fault 
networks in Tertiary mud-dominated slope and basin floor depositional systems in the 
North Sea. Based on the detailed analysis of 3D seismic data they conclude that these 
types of faults formed during sedimentation and early burial and may be important conduits 
for fluid migration, both compaction/dewatering and secondary petroleum migration. 

Both 3D seismic data and a continuous, 120 m long oriented core have been used by 
Aarland & Skjerven to characterize a major normal fault in the Brage field (Northern 
North Sea), which highlights the heterogeneous nature of the fault zone and variations 
in fracture density. This may have implications for other rift-related fault blocks in the 
North Sea and elsewhere. 

Finally, Fossen & Hesthammer present an integrated structural geological analysis of one 
of the Northern North Sea’s most complexly deformed rotated fault blocks, which contains 
the giant Gullfaks oil field. Most of the shear deformation is thought to have occurred by 
strain-dependent grain reorganization in the poorly consolidated Jurassic sediments, which 
resulted in reduced porosity. Forward modelling studies and detailed evaluation of the 
field’s various structurally defined subareas are fully described. 

This volume arose from the meeting of the Petroleum Group of the Geological Society on ‘Struc¬ 
tural Geology in Reservoir Characterization’ which was held in March 1995 at Imperial College, 
London. We thank all the contributors to the meeting for stimulating this volume, and the authors 
and referees who brought it to fruition. 

Michael Coward, Sezgin Daltaban and Howard Johnson 

July 1997 



The role of structural geology in reservoir characterization 


J. W. COSGROVE 

Department of Geology , Imperial College of Science , Technology and Medicine, 

London SW7 2BP, UK 


Abstract: In this brief review of the role of structural geology in reservoir characterization a 
comparison is made between the original role of structural geology, which focused on the 
three-dimensional geometry and spatial organization of structures and which involved a 
statistical treatment of the spatial arrangement of structures such as faults and folds and 
on static analyses, and the more recent trend in structural geology which is concerned 
with the dynamics of structure formation and the associated interplay of stress and fluid 
migration. 


Traditionally the role of structural geology in the 
location and definition of hydrocarbon reser¬ 
voirs has been to define the geometry and spatial 
organization of structures such as folds and frac¬ 
tures. Field observations, theoretical analyses 
and analogue modelling of these various struc¬ 
tures has led to a sound understanding of their 
likely three-dimensional geometry and their 
spatial relationships. For example field observa¬ 
tions and analogue modelling of buckle folds 
has shown that these structures have a periclinal 
geometry, i.e. have the form of an elongate dome, 
basin or saddle, and that this geometry is charac¬ 
teristic of buckle folds on all scales. Figure 1 
shows three examples which illustrate this 
point. The folds range in scale between folds 
with a wavelength of less than a centimetre to 
folds with wavelengths in excess of 10 km. 

It is clear from Fig. la that in plan view the 
folds are arranged statistically in an en echelon 
manner. Analogue modelling (e.g. Dubey & 
Cobbold 1977; Blay et al. 1977) has shown how 
this pattern of distribution emerges as the folds 
are initiated and amplify into finite structures. 
Initially isolated folds form and as deformation 
continues these amplify and extend along their 
hinges. As they do so they may approach other 
folds. The way in which they interact is found 
to depend on the separation between the hinges 
of the two folds (Fig. 2). If the hinges of two inter¬ 
fering folds are off-set but the amount of off-set is 
only a small fraction of the wavelength, the folds 
link to form a larger fold with a deflection in the 
hinge line (Fig. 2a). Experimental observations 
also show that if the hinges of two folds are sepa¬ 
rated by more than about half their maximum 
wavelength but are still close enough to interact, 
they lock up, each preventing further propaga¬ 
tion of the other, so that they become arranged 
in an en echelon fashion (Fig. 2b). 

In the above discussion the linking and block¬ 
ing of individual folds is considered. However, as 


an individual fold amplifies, it may cause the 
initiation of other folds on either side and so 
begin the formation of a wave-train. The work 
of Dubey & Cobbold (1977) has shown that as 
adjacent wave-trains propagate, they too may 
interact with each other by the process of ‘link¬ 
ing’ or ‘blocking’ depending on the relative wave¬ 
lengths and positions of the two trains. Some of 
the different ways in which they can interact are 
shown in Fig. 3. It can be seen that linking of 
folds from two fold-trains can also give rise to 
structures which, in plan view, have deflections 
in their hinges (Fig. 3c(ii)). Alternatively folds 
may bifurcate (Figs 3c(iii) & d(ii)). 

As well as having a limited extent along their 
hinges, folds often die out relatively rapidly in 
profile section. A typical profile section through 
a fold in a multilayer is shown in Fig. 4a. The 
random initiation of folds within a multilayer 
would give rise to the type of fold distribution 
shown in Fig. 4e. It can be seen therefore that 
the folds are arranged in an en echelon manner 
both in plan view and in plan. For an extended 
discussion of this the reader is referred to Price 
& Cosgrove (1990). 

Exactly the same spatial arrangement can be 
found for faults. For example normal faults are 
often arranged in an en echelon manner in both 
profile and plan view and considerable work is 
at present being carried out in an attempt to 
understand the stress distribution and fracture 
patterns likely to develop in the relay zones 
between these overlapping fractures. 

It can be seen from the above discussion that 
the shortening along any line normal to the 
fold hinges or the extension along any line 
normal to the strike of the faults will be constant 
regardless of where the line is drawn, but the 
exact location of the individual folds or faults 
along any particular line cannot be determined. 

Although an understanding of the three- 
dimensional geometry and spatial organization 


Cosgrove, J. W. 1998. The role of structural geology in reservoir characterization. In: Coward, M. P., Daltaban, 
T. S. & Johnson, H. (eds) Structural Geology in Reservoir Characterization. Geological Society, London, Special 
Publications, 127 , 1-13. 
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(b) (c) 

Fig. 1. Three examples of folds displaying periclinal geometry and an en echelon spatial organization, (a) A 
crenulated mica schist from the Lukmanier Pass, Switzerland. Coin 1 cm. (b) En echelon periclines in a folded 
metasediment near Luarca, North Spain. Coin 2 cm. (c) Large periclinal folds in the Zargros mountains. The 
pericline in the centre of the image is 20 km long. 
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Fig. 2. (a) The amplification and coalescence of two periclines (shown in plan) separated by a distance X which is 
somewhat less than half the wavelength of the structure, (b) Two periclines separated by X' which is greater than 
half the wavelength. The structures overlap and lock up, each preventing further propagation of the other. 


of folds and faults has proved extremely useful in 
the location of potential reservoirs, it does not 
provide any insight into the possible fluid migra¬ 
tion paths that may have operated during the 
initiation and amplification of these structures. 
More recent studies (e.g. Sibson 1990; Sibson 
et al. 1975, 1988; Cosgrove 1993) have been 
concerned with dynamics of deformation and 
the interplay of deformation, stress and fluid 
flow. 

In the following section, brittle failure and 
hydraulic fracturing are briefly considered 
together with the stress fields that generate 
them in order to illustrate this approach and 
show its possible relevance to the migration and 
concentration of hydrocarbons. 

The discussion is then extended to include the 
links between brittle structures and fluid flow and 
ductile structures and fluid flow. 


Brittle failure and hydraulic fracturing 

In this section the geological expression of 
hydraulic fracturing is considered with particular 
reference to fracturing of a sedimentary succes¬ 
sion during burial and diagenesis. The theory 
of brittle failure and hydraulic fracturing is dis¬ 
cussed in most structural texts (e.g. Price 1966; 
Phillips 1972; Price & Cosgrove 1990), to which 
the reader is referred, and only a brief summary 
of these concepts relevant to the ideas discussed 
in this paper are presented here. 

Figure 5 a is a summary diagram showing the 
failure envelope for brittle failure. This is deter¬ 
mined in part by the Navier-Coulomb criteria 
for shear failure and in part by the Griffith 


criteria of extensional failure. Figure 5b and c 
show extensional fractures and shear fractures 
respectively, and the principal stresses with 
which they are associated. These stress states 
are represented as Mohr circles on Fig. 5a 
where it is clear that in order for shear failure 
to occur the Mohr circle must be sufficiently 
large to touch the shear failure envelope. It 
follows from the geometry of the failure envelope 
that this can only occur if the diameter of the 
Mohr circle (i.e. the differential stress a x - cr 3 ) 
is greater than four times the tensile strength of 
the rock ( T ). It also follows from the geometry 
of the failure envelope that the angle 26 between 
the normal stress axis and the line joining the 
centre of the Mohr circle to the point A where 
it touches the failure envelope, is the angle 
between the two conjugate shear fractures (Fig. 
5c). For extensional failure to occur the Mohr 
circle must touch the failure envelope at point 
B. This can only occur if the differential stress 
is less than four times the tensile strength of the 
rock. 

Thus the type of brittle failure indicates 
whether the differential stress during fracturing 
was greater or less than 47". Occasionally it is 
clear that both extensional and shear failure 
occurred together during a single deformation 
event. An example where this has occurred is 
illustrated in Fig. 6, which shows a line drawing 
of incipient boudinage in a relatively thick 
sandstone layer in the Carboniferous turbidites 
at Millook, north Cornwall. The individual 
boudins are separated from each other by 
quartz veins; some of these are single extensional 
veins which cut completely across the layer and 
are an expression of extensional failure; others 
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Fig. 3. Simplified plan view illustration of the 
interference between two fold complexes of different 
phase and wavelength. The continuous and broken 
lines represent anticlinal and synclinal axes 
respectively, (a) (i) Wave-trains in phase approaching 
along z resulting in direct linking along z (ii). (b) (i) 
Wave-trains in phase approaching along y resulting in 
direct linking along y (ii). (c) (i) Wave-train out of 
phase approaching along y resulting in oblique linking 
(ii) and fold bifurcation (iii). (d) (i) Wave-trains of 
different wavelengths approaching along y resulting in 
fold bifurcation, B (ii), and blocking, producing steeply 
plunging terminations, T (after Dubey & Cobbold 
1977). 


form part of an en echelon array and are a 
manifestation of shear failure. It can be con¬ 
cluded therefore that the differential stress 
during boudin formation was around four 
times the tensile strength of the sandstone at 
that time. 

It is interesting to note that the boudin necks 
defined by shear failure and extensional failure 
zones are both made up of tensile fractures 
and that the only difference between the two is 
the spatial organization of these fractures. In 


general, in a rock undergoing extensional failure, 
the individual tensile fractures, although aligned, 
are randomly distributed whereas during shear 
failure they are organized in such a way as to 
define either one or a conjugate pair of en eche¬ 
lon extension fractures (see Kidan & Cosgrove 
1996). 


The orientation of extensional fractures 

The stress states represented by the Mohr circles 
shown in Fig. 7a all have a differential stress less 
than AT and because they all touch the failure 
envelope they will all generate extensional 
failure. The differential stresses vary between 
just less than AT (circle i, Fig. 7a) and zero 
(circle iv, Fig. 7a). When <j x - cr 3 is zero the 
stress state is hydrostatic and the Mohr circle 
collapses to a point. 

The relationship between extensional fractures 
and the principal stresses generating them is 
shown in Fig. 7b (e.g. Anderson 1951; Price 
1966). These fractures form parallel to the maxi¬ 
mum principal compression cq and open against 
the least principal compression cr 3 . In the stress 
state represented by Mohr circle i (Fig. 7a), 
which has a relatively large differential stress, 
there is a definite direction of easy opening for 
the tensile fractures, i.e. parallel to a 3 . Thus the 
fractures that form will have a marked alignment 
normal to this direction (Fig. 7b(i)). However, 
the differential stress for the stress states 
represented by the Mohr circles ii-iv becomes 
progressively smaller until, for the hydrostatic 
stress represented by the Mohr circle iv, the 
differential stress is zero. In a hydrostatic stress 
field the normal stress acting across all planes is 
the same and therefore it is equally easy to 
open fractures in all directions. Thus the frac¬ 
tures will show no preferred orientation and if 
they form sufficiently close to each other they 
will generate a breccia texture (Fig. 7b(iv)). It 
can be argued therefore that as the differential 
stress becomes progressively lower the tendency 
for the extension fractures to be aligned will 
become less and less (Cosgrove 1995). 


Hydraulic fracturing 

The state of stress in the Earth’s crust tends to be 
compressional and true tensile stresses are 
thought to be uncommon. This will be particu¬ 
larly true for the stress states in a sedimentary 
pile undergoing burial and diagenesis in a 
tectonically relaxed basin. Nevertheless exten¬ 
sional fractures occur commonly and this 
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Fig. 4. Typical three-dimensional geometry and spatial organization of multilayer folds. 


apparent contradiction has been satisfactorily 
explained by arguing that failure occurs by 
hydraulic fracturing (e.g. Phillips 1972). It is 
argued that the internal fluid pressure in the 
sediment or rock acts so as to oppose the applied 
stresses and that the rocks respond to the effec¬ 
tive stresses o x — p, a 2 - p , cr 3 - p , where p is 
the fluid pressure. Thus a state of lithostatic 
stress in a rock will be modified by the fluid pres¬ 
sure to an effective stress state a\—p and <t 3 — /? 
and the Mohr circle will be moved to the left by 
an amount equal to the fluid pressure. The 
three stress states represented by the solid 
Mohr circles shown in Fig. 8 are all stable 
stress fields in that they do not touch the failure 
envelope and therefore will not cause failure. 
However, all three circles can be driven to the 
left by a fluid pressure until they intersect the 
failure envelope, when hydraulic fracturing will 


occur. It can be seen that stress state i will 
cause shear failure, stress state ii will cause 
aligned extensional failure and stress state iii 
will cause brecciation of the rock by the for¬ 
mation of an almost random array of extension 
fractures. 

It is a common misconception that the result of 
hydraulic fracturing in sediments and rocks is the 
formation of randomly oriented extension frac¬ 
tures and the generation of breccia textures 
(Fig. 7b(iv)). It is clear from the above discussion 
that the expression of hydraulic fracturing can 
vary, ranging from randomly oriented exten¬ 
sional fractures through aligned extensional 
fractures to shear fractures. 

Having briefly considered brittle failure, the 
relationship between stress and fractures and 
the process of hydraulic fracturing, we can pro¬ 
ceed to consider the factors that affect the state 
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Fig. 5. (a) The Navier-Coulomb/Griffith brittle failure envelope. The two Mohr circles represent stress states that 
would give rise to extensional failure (the smaller circle) and shear failure, (b) and (c) show the relationship between 
the principal stresses and extensional failure and shear failure planes respectively. 


of stress in a sedimentary succession and the type 
and orientation of the hydraulic fractures that 
might develop in them. 


Stress variation with depth 

In this section the state of stress in sediments 
being buried in a basin is briefly considered in 
order to predict the type and orientation of 
hydraulic fractures that might form. The stress 
state will depend on the material properties of 
the sediment or rock and upon the boundary 
conditions. Consider the relatively simple 
boundary conditions which affect sediments in 
a tectonically relaxed basin, i.e. one in which 


the main source of stress is due to the over¬ 
burden. If the boundary conditions are such 
that horizontal strains are prevented by the con¬ 
straints of the rock mass surrounding the area of 
interest, then it can be shown (e.g. Price 1966) 
that the vertical and horizontal stresses are 
related as follows: 

<?H = ffv/(w- 1) (1) 

where m is Poisson’s number, the reciprocal of 
Poisson’s ratio. The vertical stress will be cr x 
and its magnitude given by: 

cr v = £7) = zpg (2) 

where z is the depth, p the average density of the 
overlying rocks and g the acceleration due to 



Fig. 6. Line drawing of incipient boudins formed in a sandstone layer in the Carboniferous turbidites at Millook, 
north Cornwall. Some boudins are separated from each other by a single extensional gash (i) and others by an 
array of extensional fractures (ii). 


























STRUCTURAL GEOLOGY AND RESERVOIR CHARACTERIZATION 


7 



Fig. 7. (a) Four Mohr circles that represent four stress states that will give rise to extensional failure (i.e. 
<^1 — <r 3 <c AT). (b) (i)-(iv) show the organization of the extensional fractures for each stress state. 


gravity. These equations show that if the over¬ 
burden has a constant density and Poisson’s 
number does not change with depth, then the 
vertical and horizontal stresses increase linearly 
with depth (Fig. 9). 

It can be seen from Fig, 9 that the differential 
stress (<t v - cr H ) will also increase linearly with 
depth. From the discussion of brittle failure 
given earlier it follows that the type of hydraulic 
fractures that will form in the upper section of 
the sedimentary pile, where the differential 
stress is less than four times the tensile strength 
of the rock, will be vertical extensional fractures 
opening against the least principal stress <r 3 and 
the fractures that form at depths where the 


differential stress is greater than AT will be 
shear fractures dipping at around 60° and strik¬ 
ing normal to <r 3 . 

Thus when the vertical stress is the maximum 
principal compression and when the two hori¬ 
zontal principal stresses are not equal, the frac¬ 
ture patterns generated by hydraulic fracturing 
in the upper and lower zones indicated on Fig. 
9 will be as shown in Fig. 10a and b. In the 
upper zone where extensional failure occurs, 
the fractures will be vertical and will be aligned 
normal to <r 3 . In the lower zone where shear fail¬ 
ure occurs, conjugate fractures will form dipping 
at 60° and intersecting (and striking) parallel to 
cr 2 . It can be seen from Fig. 10a and b that in 



Fig. 8. The influence of an increase of fluid pressure on three stable stress fields i, ii and iii (see text). 
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Fig. 9. Plot of variation of vertical and horizontal stress and fluid pressure with depths according to Eqns 1 and 2 
which assume that the stresses are generated by the overburden in a tectonically relaxed basin. The expression of 
the hydraulic fractures is determined by the differential stress which increases with depth. At the depth when it 
exceeds 4 T the fractures change from extensional to shear. 


the upper zone characterized by extensional fail¬ 
ure, the dip of the fractures will be vertical on any 
vertical face. In the lower shear fracture zone, the 
apparent dip of the fractures will vary between 
60° and 0°. However, on any particular plane 
the apparent dip will be constant. 

The three-dimensional array of fractures that 
would form in the extensional and shear fracture 
zones if the two principal horizontal stresses, <j 2 
and <j 3 , are equal are shown in Fig. 10c and d. 
In the upper zone, because the horizontal stresses 
are the same in all directions, there is no horizon¬ 
tal direction of relatively easy opening and there¬ 
fore no tendency for the alignment of fractures in 
any particular direction. The result would be the 
formation of vertical fractures with random 
strikes. If these fractures are spaced closely 
enough to interfere, they would generate a poly¬ 
gonal array (Fig. 10c). It is clear from this figure 
that the dip of the fractures would be vertical on 
any vertical face. 

Similarly, in the zone in which shear fractures 
form, because the horizontal stress is the same in 
all directions the strike of the shear fractures 
would also be random. Thus if they were 
spaced closely enough they too would interfere 
to form a polygonal array. The apparent dip of 
these fractures on any vertical face would vary 


between the true dip of around 60° and zero 
(Fig. lOd). 

In the above discussion the state of stress at 
any depth has been assumed to be determined 
by Eqns 1 and 2 and it was assumed that the 
density of the rock or sediment and Poisson’s 
number remained unchanged with depth. These 
assumptions are clearly unreasonable (e.g. Price 
(1958) and Eaton (1969) for a discussion of the 
change of m with depth) and direct measure¬ 
ments of the stress state in several present-day 
basins show that the stresses change in a non¬ 
linear manner with increasing depth (Fertl 
1976; Breckels & van Eekelen 1982). 


Field evidence for hydraulic fractures 

The arguments outlined above indicate that as 
sediments undergo burial and diagenesis in a 
basin, conditions of stress and fluid pressure are 
likely to be encountered that will lead to the 
formation of hydraulic fractures. Indeed, these 
fractures would provide a transient increase in 
permeability that would facilitate the dewatering 
of relatively impermeable horizons. Unfortu¬ 
nately these fractures are generally not preserved, 
forming as they do at relatively shallow depths 
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Fig. 10. The three-dimensional organisation of hydraulic fractures: (a) when a x — <r 3 <4 T and the two horizontal 
principal stresses are unequal; (b) when a x - cr 3 > 4T and the two horizontal principal stresses are unequal; 

(c) when o x - cr 3 < 4 T and a 2 = o 2 , (d) when <j { - a 2 > 4T and a 2 = cr 3 . 


where they are unlikely to be preserved as vein 
systems and where the rock properties are such 
that barren fractures would tend to heal once 
the excess fluid pressure has been dissipated. 

The author has examined a number of quarries 
and other outcrops of low permeability shales 
thought to have been overpressured during 
their burial. Remarkably little evidence was 
found of such fracturing. Occasionally, thin (1- 
2 mm thick) bedding-parallel veins of fibrous 
calcite occur, with the fibres oriented normal to 
the bedding fractures, as for example in the 
Kimmeridge shales at Kimmeridge Bay in 
Dorset. ‘Chicken wire’ texture has been recorded 
in cores from shales known to have been pre¬ 
viously overpressured (Powey 1990, pers. 
comm.). These are polygonal arrays of fractures 
along which very thin veins of calcite have been 
precipitated. Hydraulic fractures are sometimes 
preserved as sedimentary dykes in the regions 
around sandstone bodies in shales if the fluid 
pressures are sufficiently high to fluidize the 
sands. Sedimentary dykes provide one of the 


most convincing demonstrations of hydraulic 
fracturing in sedimentary successions. 

Recently, Cartwright (1994) has reported the 
occurrence of large polygonal fracture arrays in 
Early Cainozoic mudrock-dominated sequences 
from the North Sea. The fractures have been 
mapped using regional two- and three-dimensional 
seismic data. They occur in the stratigraphically 
bounded tiers in deep-water sequences bounded 
by regionally condensed sequences (seals). The 
faults are organized into cellular networks com¬ 
prising polygonal prismatic and pyramidal forms 
and Cartwright suggests that these faults are the 
result of hydraulic fracturing. The polygonal cells 
are between 500 and 1000 m in diameter and a 
synoptic block diagram illustrating the structural 
framework of the faults is shown in Fig. 11. 

Despite the impressive seismic images of 
hydraulic fracture patterns presented by Cart¬ 
wright (1994), evidence for the occurrence of 
hydraulic fractures in low-permeability rocks 
known to have been overpressured at some 
stage in their history, is remarkably scanty. 
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COMPLEX CONJUGATE 
INTERSECTIONS 


Fig. 11. A structural synopsis of a three-dimensional seismic survey of block 30/19, located in the basin centre, 
showing a polygonal network of small extensional faults affecting the lower Tertiary (from Cartwright 1994). 


Even when fractures are found in such rocks it is 
difficult to demonstrate convincingly that they 
are the result of hydraulic fracturing. For 
example, the barren fractures frequently exhib¬ 
ited by shales at outcrop often form polygonal 
arrays when viewed on the bedding plane and 
are normal to bedding. Exposures of such rocks 
are often characterized by polygonal prisms. 
This is a fracture pattern that might be expected 
to form during the burial and overpressuring of 
the rock (Fig. 10c). Nevertheless it is difficult to 
determine , whether these fractures represent 
ancient hydraulic fractures generated during 
burial and dewatering which have been reopened 
as a result of the release of residual stresses 
during exhumation, or whether they represent 
desiccation fractures resulting from the drying 
out of the shales on exposure. 

This similarity in the geometric organization 
of desiccation fractures and extensional hydrau¬ 
lic fractures reflects an underlying similarity in 
the mechanism of formation of both structures. 
This can be exploited when hydraulic fracturing 
is studied using analogue models. 

The experimental investigation of the initia¬ 
tion and development of hydraulic fractures in 
overpressured shales and semi-lithified rocks is 
extremely difficult. However, if it can be argued 
that the process is directly analogous to the 
formation of cooling fractures or desiccation 
fracture, then the formation of these fractures 


under a variety of boundary conditions can be 
studied with relative ease. 

The association of thrusts and high fluid 
pressures 

In the above discussion the build-up of fluid pres¬ 
sure and the formation of hydraulic fracturing in 
a tectonically relaxed basin was considered. Such 
a fluid pressure build-up will also occur in 
tectonic regimes, particularly those associated 
with compressional tectonics. In this section the 
association of thrusts and high fluid pressures 
are considered. 

The recognition of overthrusts, large blocks of 
rock up to 10 km thick and with lengths and 
widths often in excess of 100 km, which had 
been transported tens of kilometres along sub¬ 
horizontal fault planes, presented geologists 
with the challenge of understanding the mechan¬ 
ism by which these blocks were moved. An 
early study of this problem was carried out by 
Smoluchowski who represented the overthrust 
block as a single rectangular prism caused to 
move over a flat, dry surface by the application 
of a horizontal push from one end. By selecting 
the appropriate values for the coefficient of 
sliding friction and rock strength it can be 
shown that overthrusts with lengths greater 
than a few tens of kilometres cannot be moved 
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by this mechanism unless the applied stress 
exceeds the strength of the rock. 

Alternative mechanisms for the movement of 
large overthrusts were presented. For example, 
Oldham (1921) suggested that movement on a 
thrust plane may not be synchronous and that 
decoupling and displacement may occur locally 
and migrate along the thrust plane in a caterpil¬ 
lar-like manner. This mechanism would allow 
the overthrust block to move forward without 
having to overcome the total frictional resistance 
of the block to movement at any one time. In this 
way, it was argued, large overthrust blocks could 
be moved at stresses below the strength of the 
rock. Despite such innovative thinking it was 
not until 1959 that a widely accepted solution 
appeared to the mechanical problems associated 
with the movement of large-scale thrusts. 

In their classic paper, Hubbert & Rubey (1959) 
argued that the existence of high fluid pressures 
would reduce the effective normal stress across a 
potential thrust plane and thus reduce the 
horizontal compressive stress necessary to move 
the thrust to below the brittle strength of the 
rock. This idea represented a major step forward 
in the understanding of the generation and move¬ 
ment of large overthrusts and, following this work, 
the association of overthrusting and high fluid 
pressures became almost axiomatic. More recently 
the overthrust ‘paradox’ has been reassessed (Price 
1989) and this association questioned. 

Although Hubbert & Rubey’s work on high 
fluid pressures provided a great insight into the 
role that fluid pressures may play in thrust initia¬ 
tion, it says nothing about the migration of fluids 
during thrusting. 


Faults, folds and fluid migration 

The migration of fluids along major faults during 
and immediately after reshear has been discussed 
by Sibson et al. (1975), who introduced the idea 
of seismic pumping. This concept sprang from 
observations of hydrothermal vein deposits 
found in the upper, brittle regions of ancient 
fault zones. The textures of these deposits usually 
indicate that mineralization took place episodi¬ 
cally and it was suggested that episodic injection 
of hydrothermal fluids could be accounted for by 
the dilatancy-fluid diffusion model for energy 
release in shallow earthquakes proposed by 
Scholtz et al (1973). In later papers, Sibson 
et al (1988) and Sibson (1990) proposed two 
other mechanisms, the suction-pump and fault- 
valve mechanisms which also predict periodic 
variations in fluid pressure along faults asso¬ 
ciated with fault reactivation. 


In contrast, the migration of fluids in associa¬ 
tion with the development of folds has received 
comparatively little attention. It is, however, 
possible to determine the stress gradients within 
and around a fold from the equations that 
govern the buckling behaviour of anisotropic 
bodies such as a sedimentary sequence. They 
show that there is a difference between the 
mean stress inside and outside a fold and that 
this difference (i.e. the stress gradient) changes 
as the fold amplifies. For a box fold the gradient 
is initially such that fluids are drawn into the fold 
from the surrounding region. However, beyond a 
certain amplification the gradient is reversed and 
fluids are driven out of the fold. This process can 
be inferred from the geometric changes that 
accompany the amplification of a kink-band in 
a layered material where the layers remain a con¬ 
stant thickness during the deformation (Fig. 
12a-c). Initially there is an increase in volume 
within the kink-band. This continues until the 
layering inside the kink-band is normal to the 
kink-band boundary, i.e. u — 0 (Fig. 12b), 
when it reaches a maximum. Up to this point 
fluids will be drawn into the fold from the sur¬ 
rounding unfolded region. As the kink-band 
amplifies beyond this point, the volume of the 
kink-band is reduced and fluids will be expelled 
from the fold. When u = 20 (Fig. 12c), the 
volume of the kink-band is the same as it was 
before the fold was initiated. Any further ampli¬ 
fication would require the layering inside the 
kink-band to thin and if there is no mechanism 
by which this thinning can be achieved, the fold 
locks up. 

The magnitude of the stress gradient between 
the fold and its surroundings has been quantified 
by Summers, who shows that the difference in 
mean stress inside (ffj) and outside (a e ) a fold 
is given by: 




(N/Q-l){cos20-c2(2u>-0)} 
(N/Q + 1) - (N/Q - 1) cos 4(0 - u) 


(3) 


where 0 and to are defined as in Fig. 12d, N and Q 
are measures of the resistance to compression 
and shear respectively, in the direction of the 
applied maximum principal compressive stress, 
and r™ is the maximum shear stress in the 
layering adjacent to (i.e. outside) the fold. The 
variation in mean stress gradient as the fold 
amplifies can be clearly seen by expressing Eqn 
3 graphically (Fig. 12e). As the fold begins to 
amplify, there is an increase in the stress differ¬ 
ence which would tend to draw fluids into the 
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Fig. 12. (a)-(d) Volume changes that accompany the 
amplification of a kink-band. During the early stages 
the volume increases and fluids are drawn into the fold 
(a-b). However, as the structure amplifies beyond the 
stage where u — 9 (b), the volume decreases and fluids 
are expelled, (d) Detail of (b) showing the dilation 
within the kink-band, (e) The graphical expression of 
Eqn 3 showing the relationship between the difference 
in mean stress inside and outside the kink-band and the 
orientation u of the foliation within the kink-band. 
Graphs for materials with anisotropies (N/Q) of 5 and 
100 are shown ((e) after Summers). 

fold. The stress difference rises sharply until 
the layering inside the kink-band is normal to 
the kink-band boundary (u = 9). The gradient 
then drops dramatically and reverses so that a 
large gradient is established which will tend to 
drive fluids out of the fold as it continues to 
amplify. 

During the buckling of a complex multilayer, 
that is a multilayer made up of a variety of 
different rock types and layer thicknesses, the 
individual layers will attempt to develop their 
own characteristic wavelengths. However, the 
multilayer will impose its own characteristic 


wavelength on to these layers and, as they 
accommodate themselves to the multilayer 
wavelength, they often develop second-order 
structures known as accommodation structures 
(Ramsay 1974; Price & Cosgrove 1990, pp. 
319-321). These structures, which form pre¬ 
dominantly in the hinge region of folds, may be 
either ductile or brittle (Fig. 13a-d). In addition 
to accommodation structures, the high stresses 
generated in the inner and outer arcs of the 
hinge region often lead to localized brittle 
failure. These fractures, combined with the 
brittle accommodation structures shown in Fig. 
13b-d, can dramatically increase the permeabil¬ 
ity of the hinge regions and become channels of 
easy fluid migration. Thus, during the expulsion 
of fluids from a fold during the late stages of its 
amplification in response to the stress gradients 
illustrated in Fig. 12e, the fluids are likely to be 
expelled along these zones of high fracture- 
induced permeability. 

It can be seen from the above discussion that in 
a deforming sedimentary succession, both fold¬ 
ing and faulting can be expected to cause episodic 
variations in pore pressure and stress. The expul¬ 
sion of fluids along faults and out of folds as they 
amplify and lock up may help to generate new 
structures in the adjacent, relatively undeformed 
parts of the succession. This insight into the fluid 
dynamics associated with the formation of 



Fig. 13. (a)-(d) Various accommodation structures 
that develop during multilayer buckling as layers with 
anomalous thicknesses adjust to fit into the overall 
wavelength and amplitude of the multilayer buckles. 
These may considerably increase the permeability of 
the hinge region of the fold ((a) and (b) after Ramsay 
1974; (c) after Price & Cosgrove 1990; (d) after Herman 
1923). 
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structures such as folds and faults, which are 
potential hydrocarbon traps, provides a fertile 
area of research which will doubtless have an 
important impact on the role that structural 
geology plays in hydrocarbon exploration. 


Conclusions 

Knowledge of the three-dimensional geometry 
and spatial organization of structural traps has 
for many years been one of the most powerful 
tools in hydrocarbon exploration. Nevertheless, 
these models of structure geometry and organiza¬ 
tion are essentially static and do not consider the 
interaction of fluids and structures during defor¬ 
mation when the structure is being initiated and 
amplified. However, recent advances in the 
understanding of the role of fluid pressure in 
the initiation of faults and folds and the sub¬ 
sequent influence of these structures on the 
migration and concentration of fluids, has 
opened a new chapter in the role of structural 
geology in reservoir characterization. 
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Reservoir characterization and modelling 
a framework for field development 


JOHN ARCHER! 

Centre for Petroleum Studies , Imperial College of Science, Technology and Medicine, 
Prince Consort Road, London SW72BP, UK 


Abstract: This introductory paper seeks to highlight some of the challenges for reservoir 
simulation modelling that are presented by proper reservoir characterization and by appro¬ 
priate cross-scaling of petrophysical parameters. The significance of tensorial representation 
of effective fluid-phase permeabilities is indicted by a number of examples. 

In the UKCS (United Kingdom Continental Shelf) an important contribution to increased 
recoverable reserves is being made by the application of technology and by the reduction of 
reservoir description uncertainty. Some developments in reservoir simulation are indicated 
by examples from innovative well technologies: infill drilling locations indicated from 
enhanced understanding of flow directions; gas injection and gas condensate behaviour; 
and fractured reservoir performance. 

The paper aims to provide a framework for the design and modelling of improved hydro¬ 
carbon recovery processes. 


The debate on Structural Geology in Reservoir 
Characterization and Field Development is 
timely, as many of the North Sea fields might 
be regarded as having reached maturity and are 
posing questions for engineers and geoscientists 
about suitable locations for infill wells. This 
debate is taking place against a background of 
a ‘flat’ oil price and new ways of doing business. 
The petroleum industry has largely embraced the 
concept of ‘CRINE’, which stands for cost 
reduction in the new era. Cost-effective solutions 
in exploration and production are emerging 
from partnerships between operators, contrac¬ 
tors and the research community. There is a 
greater appreciation of risk and uncertainty and 
an increased willingness to share the risk and 
costs in the search for solutions and business 
opportunities. 

The UK Department of Trade and Industry 
(DTI) publishes its estimates of remaining 
UKCS reserves at regular intervals. There has 
been a slow but steady increase over the last ten 
years or so in the number of years remaining of 
feasible production life at current production 
rates. The trend of this reserves: production 
(R:P) ratio in recent years masks some significant 
changes. For example, the rate of replacement of 
produced reserves by new economic discoveries 
has slowed down. This is not particularly surpris¬ 
ing when the oil price for planning purposes is 
generally assumed to be flat at $16 per barrel. 


t Currently Principal and Vice Chancellor, Heriot- 
Watt University, Edinburgh, and visiting Professor at 
Imperial College. 


Even with substantial competition, exploration 
costs have not reduced dramatically and targets 
are generally in deeper and more hostile environ¬ 
ments. What appears to be happening is that both 
technology and maturity are having impact. 

In the UKCS area the application of four¬ 
dimensional seismic (effectively time-lapsed 
three-dimensional) and its interpretation in a 
more holistic geoscience environment is paying 
dividends. The application of information 
technology to the processes of data acquisition, 
interpretation and modelling have enabled 
greater insights into probable fluid movement 
in producing reservoirs. This, in turn, has justi¬ 
fied utilization of innovative extended reach 
and multilateral wells. It has also prompted and 
renewed interest in the management of high 
water cut wells and in the design of more cost- 
effective water handling facilities. 

The DTI survey of likely contributions by 
technology to the remaining reserves of the 
UKCS contains the suggestion that three tech¬ 
niques may be of particular significance. They 
highlight the contribution of innovative well 
technology and well placement; the role of gas 
injection and gas condensate management; and 
the opportunities for late field depressurization 
of high-pressure water-flooded reservoirs. If 
application of these technologies is to be effective 
it seems obvious that reliable information will be 
needed concerning the quantities and distribu¬ 
tion of remaining oil within heterogeneous 
reservoirs. It will also need reliable interactive 
modelling tools to investigate design alternatives 
for oil recovery. 


Archer, J. 1998. Reservoir characterization and modelling: a framework for field development. In: Coward, M. P., 
Daltaban, T. S. & Johnson, H. (eds) Structural Geology in Reservoir Characterization. Geological Society, 
London, Special Publications, 127, 15-18. 
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Opportunities 

Scaling of reservoir characteristics 

Reservoir characterization for reservoir simula¬ 
tion modelling is essentially a multidisciplinary 
team effort. It does, however, require definition 
of a particular parameter at the scale in which 
it will be utilized in the calculation process - 
usually at the scale of a simulation model grid 
cell. The rules for generating appropriate values 
at grid cell scale from, for example, small-scale 
observations in core, are relatively easy to 
codify, and are guided by successive simulation 
scale-up to produce ‘effective’ or ‘pseudo’ quan¬ 
tities at the required scale. The main constraint 
in such an exercise is the need to respect the 
principles of the physics which governs the dis¬ 
placement process, rather than utilize empirical 
and limited relationships. 

It has long been recognized that scale change 
‘rules’ tend to apply within regions of similar 
wettability and petrophysical character, often 
described as ‘rock-type’ regions. The Leverett 
pore geometry factor (J-function) has proved a 
useful correlation concept for scale change 
within a rock-type and it has been particularly 
valuable in correlating end-point relative per¬ 
meability with end-point saturations. At pore 
scale levels it has been observed that distribution 
functions describing co-ordination numbers, 
aspect ratios and pore size distributions also 
have influence in representing displacement 
processes. 


Effective phase permeability 

For multiphase flow of fluids in porous, per¬ 
meable rocks, the effective phase directional 
permeability (k. kr) is particularly important. 
As a simplification this is usually regarded as 
the product of absolute permeability and relative 
permeability and can be thought of as a tensor. 
In most current applications in reservoir simula¬ 
tion, all the possible directions of flow are 
reduced to three directions oriented to coincide 
with the principal orientations of the grid cell 
faces. 

Relative permeability characteristics have 
traditionally been related to the saturation of 
a particular fluid phase. There is now an increas¬ 
ing body of evidence which suggests that 
saturation alone is an insufficient parameter on 
which to interpret relative permeability. At 
pore scale both the Leverett pore geometry 
factor (the square root of permeability divided 
by porosity) and wettability effects which control 


the surface physics play a role in displacement 
processes. 

Reservoir engineers are rightly concerned with 
the problems of obtaining an estimate of 
dynamic (k. kr) tensors from observations in a 
particular reservoir and from samples obtained 
from it, and from analogies with similar rock- 
fluid systems. The reservoir characteristics of 
porosity and effective phase permeability tensors 
are broadly associated with petrophysical and 
lithological rock types which form the essential 
correlation framework. At larger scales the 
effects of structural and diagenetic modifications 
are important in defining flow paths for the 
movement of reservoir fluids. Outcrop data can 
provide a useful guide to directional permeability 
variations influenced by sedimentary processes. 
Since the development of the first really portable 
mini permeameters or probe permeameters 
designed for field use by teams at the University 
of Texas, Austin, and at Imperial College in the 
mid-1980s, a significant quantity of data has 
been collected. It has of course been single¬ 
phase flow information. The rock-fluid inter¬ 
actions, which must be understood in order to 
translate the measurements to define the effective 
phase directional permeability tensor, are rarely 
addressed in a rigorous and systematic fashion. 
There is a strong case for a national collaborative 
research programme to understand the controls 
on effective phase permeability and to develop 
the capability to scale measurements to grid cell 
sized representations of petroleum reservoirs in 
reservoir simulation models. 


Fractures and arbitrary geometry 

There have been a number of significant develop¬ 
ments in the way in which reservoirs are mod¬ 
elled mathematically. The use of permeability 
tensors has opened the way for representing 
fluid flow in directions which are not orthogonal 
with the faces of model grid cells. This has given 
new capabilities in modelling high contrast 
permeability regions with non-orthogonal and 
fault fracture patterns. The use of boundary 
element mathematics has given insight into 
representing rock-type regions in arbitrary 
shapes, closer to natural variations and 
unconstrained by the need to force a ‘layer- 
cake’ geometry. The challenge for the research 
workers in this area is to combine the prevailing 
grid cell based technology with the freedom of 
arbitrary geometries. A similar style of problem 
is being addressed by research workers engaged 
in tracer modelling, where mixed finite element 
schemes are being explored. 
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Dynamic permeability 

During the course of a reservoir’s producing life¬ 
time, the absolute permeability at a given loca¬ 
tion may change. This might result from local 
stress changes in the porous rock system (due 
to depressurization, for example) which can 
alter pore shape or dimensions as well as from 
dynamic diagenetic changes in the pore system, 
perhaps induced by injected fluids. The reservoir 
simulation research community are able to 
model such behaviour either explicitly or impli¬ 
citly, but the rules for doing so currently 
appear to be more empirical than firmly based 
on physical principles. There is a considerable 
amount of experimental work still to be done 
on reservoir rock systems of interest. 


Gas condensate reservoir management 

If it is assumed that thermodynamic equilibrium 
exists, then gas condensate systems are predicted 
to exhibit retrograde behaviour in the pore 
spaces of reservoirs as they are depressurized 
under isothermal conditions. It is extremely diffi¬ 
cult to obtain representative fluid samples from 
gas condensate reservoirs and the hydrocarbon 
mixtures obtained may or may not be reliable 
for design of recovery processes. Furthermore, 
the phase partitioning that occurs in a gas con¬ 
densate located in a porous reservoir rock may 
or may not be simulated in a PVT cell. The 
near-wellbore condition of a producing gas 
condensate reservoir may not represent thermo¬ 
dynamic equilibrium. The consequence of 
present understanding is that gas condensate 
reservoir management, in which one of the 
objectives is to minimize liquid loss within the 
reservoir, is something closer to art than 
science. The DTI estimate of gas condensate 
reserves in the UKCS is such that a major 
collaborative research programme into the 
fundamentals of the recovery processes appears 
to be warranted. 


Gas injection into oil reservoirs 

Gas injection has tended to be employed in order 
to maintain oil production rates and is often a 
temporary solution to restriction on flaring of 
produced gas or the lack of a market or transpor¬ 
tation system for gas. Within a reservoir the gas 
may stay immiscible with the oil it contacts or 
in some circumstances it may become miscible 
or graded. Since gas is generally more mobile 
than liquids it will have a tendency to bypass 


some of the liquid under the influence of gravity 
or a potential gradient. Gas injection may be 
used in the design of recovery processes which 
involve creation of over-ride regions or second¬ 
ary gas caps in regions which are structurally 
high. This can increase oil recovery from other¬ 
wise inaccessible attic regions with respect to 
particular well placements. There is some evi¬ 
dence that successive pulses of water and gas 
injection will lead to increased oil recovery in 
heterogeneous reservoirs where different flow 
paths are exploited. 

The mechanisms for water alternating gas 
(WAG) displacement schemes are different 
depending on whether the process is considered 
immiscible or miscible. The ability to model the 
process in reservoir simulation is present as 
far as the programming is concerned, but is ques¬ 
tionable in terms of an understanding of the 
physics or the ability to describe the dynamic 
effective phase permeability characteristics of 
the reservoir. 


Well technology 

Well technology is an important aspect of 
improved hydrocarbon recovery in many reser¬ 
voirs. The design of high angle wells and, more 
recently, of multibranch wells has allowed pene¬ 
tration of distant parts of a reservoir from a fixed 
platform or pad. It can be important in accessing 
attic oil and in minimizing coning by spreading 
out near-wellbore pressure gradients. Much 
research has been conducted on generating rela¬ 
tionships for horizontal well productivity of a 
single phase in an equivalent grid-based simula¬ 
tion model domain. At Imperial College this 
has been tackled through conformal mapping 
in cylindrical geometry to develop the base case 
for comparisons with a grid-based geometry. 
The multiphase flow relationships can be estab¬ 
lished mathematically but they are empirical 
rather than founded on theory. Our most 
recent research in this area has concentrated on 
modelling productivity indices in the presence 
of complex heterogeneities and with application 
to unstructured grid domains. The work has 
extended to modelling the kind of multilateral 
wells which are being drilled in the UKCS. One 
of the difficulties in modelling such wells is the 
attribution of flow to given positions in the reser¬ 
voir. This is particularly so when branches 
develop from the same horizontal well. In history 
matching applications, the identification of flow 
paths and the pressure distribution indicate that 
attention is necessary to the design of data acqui¬ 
sition and reservoir characterization. 
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Conclusions 

This introductory paper has attempted to high¬ 
light some of the contributions to increased 
recoverable reserves that are being made by the 
application of technology and by the reduction 
of reservoir description uncertainty. In the 
UKCS it is noted that enhanced hydrocarbon 
recovery is likely to focus on innovative well 
technologies, infill drilling, and combined water 
and gas injection and improved water handling. 
In mature reservoirs, which may be depressur¬ 
ized, there will be a need to understand and 
model dynamic permeability change such as 
pressure-dependent permeability and the effects 
of local three-phase flow. 


Some of the challenges of reservoir character¬ 
ization for application in reservoir simulation 
models have been indicated. The most important 
aspects appear to be understanding multiphase 
flow characteristics across a number of scales 
on which data are gathered. 

With much of the reservoir characterization 
challenge, the ability of mathematics to represent 
a particular process has progressed faster than 
the ability to understand the physics of that 
process or to describe the system in which it 
operates. The framework for the design of hydro¬ 
carbon recovery processes is firmly established as 
the multidisciplinary field of reservoir simulation 
modelling. 



Fault seal prediction: the gouge ratio method 


B. FREEMAN, G. YIELDING, D. T. NEEDHAM & M. E. BADLEY 

Badley Earth Sciences LtdNorth Beck House, North Beck Lane, Hundleby, Spilsby, 

Lincolnshire PE23 5NB, UK 


Abstract: The reduction in pore throat size attributable to the enhanced clay content in the 
fault rock between two juxtaposed reservoir bodies is able to produce an effective seal to 
hydrocarbon migration. The gouge ratio, when applied to sand-shale sequences, indicates 
the proportion of phyllosilicate material that is expected to be incorporated into the fault 
rock, hence it provides a measure of the seal capacity. Gouge ratios for faulted reservoir 
sequences are computed from data that are routinely available from fields at the appraisal 
or production stage. We present a repeatable methodology that maximizes the use of 
seismically based geometric data and well-based stratigraphic and compositional data. The 
resulting gouge ratio calculations can be used comparatively at the scale of individual 
faults, fields or basins. We examine an example fault from the Oseberg Syd Field that is 
known to seal and we show that a threshold shale gouge ratio of 18% will support a 
cross-fault pressure difference of c. 8 bar. 


Structural geology has an important contribu¬ 
tion to make to reservoir characterization, parti¬ 
cularly the interpretation and analysis of faults. 
Traditionally, oil industry interpretation has 
focused on the delineation of horizon surfaces. 
Faults are often either left uninterpreted or are 
not interpreted in a manner which produces a 
consistent three-dimensional model when com¬ 
bined with horizon interpretation. The result of 
such neglect is that fault planes are frequently 
regarded as vertical for the purposes of reservoir 
volume estimation and for hydrocarbon flow 
simulation. Although faults have always been 
recognized as key structures in defining the archi¬ 
tecture of reservoirs, it is only recently that there 
has been renewed interest in their behaviour as 
lateral seals. 

Fault seals fall into two broad categories: (1) 
reservoir against non-reservoir in which case 
the juxtaposition of permeable rocks against 
non-permeable rocks provides a sealing mechan¬ 
ism; and (2) reservoir against reservoir in which 
case the fault itself must provide a barrier to 
hydrocarbon migration. Knipe (1992) provides 
a review of the mechanisms leading to fault 
seal. This paper is concerned only with the 
second type of seal - reservoir juxtaposed to 
reservoir. In this case the estimation of the seal 
potential of a fault has been approached from 
at least three different angles. Work by Weber 
et al. (1978) indicated that in some faulted 
sequences, where reservoir rocks are interbedded 
with shales, the shale units are drawn into the 
fault zone. The shale layers showed normal- 
drag geometries and it is implied that there 
should be a barrier to hydrocarbon migration 
where a reservoir unit is in contact with shale 
that has been sheared into the fault plane. 


Within the fault zone the shape of the shale 
units tapers from the shale source bed towards 
the centre of offset. The shape, hence thickness, 
of the shale wedge can be computed as a function 
of fault throw and shale bed thickness. In turn, 
the fault zone shale thicknesses are used to 
estimate seal potential. This type of method has 
been used to explain the distribution of hydro¬ 
carbon reservoirs in sand-shale sequences of 
the Niger Delta (Bouvier et al 1989; Jev et al. 
1993). 

A related method (Lindsay et al 1993) predicts 
the likelihood of shale source beds producing a 
continuous smear of clay material across a 
reservoir-reservoir contact. This method too 
has been applied successfully to stacked hydro¬ 
carbon accumulations in the Columbus Basin 
(Gibson 1994). 

A second approach is to quantify selected 
attributes on sets of faults which are known 
either to seal or to leak and then to make predic¬ 
tions about unknown behaviour by comparison. 
This method has been outlined by Knott (1994). 
Possible drawbacks to such a method are that an 
extensive regional database is required and there 
is some reliance on there being a relatively simple 
and continuous stratigraphy. It also embodies a 
notion that faults either seal or leak, whereas it 
is more realistic to think of faults as having 
spatially heterogeneous sealing characteristics. 

Finally, a third approach is based on consid¬ 
eration of the capillarity of the rocks which are 
deformed in the fault zone (Knipe 1992). Watts 
(1987) and Vavra et al (1992) review the mechan¬ 
isms by which capillarity is able to trap substan¬ 
tial hydrocarbon accumulations. Watts (1987) 
and Knipe (1992) argue that the equations of 
capillarity used previously for vertical traps 
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may also be applied to faults provided that 
representative measurements can be obtained 
from analysis of core. Ultimately this type of 
analysis should be able to make ‘standalone’ 
predictions of accumulation without recourse to 
the ‘calibration’ required for the first two 
methods. However, it must encounter scaling 
problems. Since samples are analysed from 
core, and reservoir-reservoir juxtaposition 
areas can be several hundred thousand square 
metres, there needs to be some means of up- 
scaling, or averaging, of the capillarity informa¬ 
tion. There is also a difficulty in obtaining 
representative core. For a number of reasons, 
oil companies avoid drilling through known 
fault zones, for example to avoid early water 
breakthrough. Therefore faults that are sampled 
in core are at a scale that may be important in 
controlling reservoir performance but are 
unlikely to be responsible for the gross sealing 
characteristics of the larger faults that trap 
economic reserves. 

Our approach is similar to that of Bouvier et al. 
(1989) in that it considers the entire fault plane. It 
also attempts to address some of the scaling 
difficulties associated with the capillarity work. 
We take the simple view that reservoir character¬ 
ization is most useful if one is able to apply a 
repeatable methodology to all faults in a pros¬ 
pect, field, basin and between basins. This 
means capitalizing on the primary data that are 
routinely available, i.e. horizon and fault 
interpretation for geometry, wireline logs for 
reservoir zone thickness, content of clay or 
other impermeable material, and, if available, 
drilling and production information on reservoir 
zone pressures. From the geometric data one can 
derive a precise model of the fault’s shape and 
displacement distribution. Combining this with 
stratigraphy and detailed lithology it is possible 
to produce fault-wide maps predicting the distri¬ 
bution of clay and other impermeable lithologies 
(in the fault rock) as a proportion of the total 
fault-rock volume (gouge ratio maps). 

Unlike the work of Weber et al. (1978) and 
Bouvier et al. (1989) that implies a single 
mechanism for incorporating shale into a fault 
zone, we simply infer that the composition of 
the fault rock closely reflects that of the unde¬ 
formed walls. Hence as the overall composition 
of clay and other impermeable material increases 
then we would expect the seal potential to 
increase. For example, this means that faulted 
sequences from dirty sandstones would have 
similar seal potentials to sequences of inter- 
bedded clean sands and shales, provided the 
overall clay volume fractions are the same. In 
the case where the impermeable material is 


dominantly shale we refer to the calculation as 
the shale gouge ratio. The rationale for this 
stems from the observation that phyllosilicates 
become concentrated along shear planes in the 
fault zone and clog the larger pores. They are 
then effective in reducing the maximum radius 
of interconnected pores (e.g. Knipe 1992). 

Gibson (1998) shows from a study of small- 
displacement faults of varied mineralogy that 
there is a clear inverse trend between clay content 
and porosity. He also shows that of the struc¬ 
tures observed in faults, clay gouge zones are 
the most efficient at reducing pore throat size 
and permeability. 

The purpose of this note is to describe a 
methodology that we have applied to the study 
of lateral seals in many producing oil fields. We 
do this with reference to a specific example 
from the Oseberg Syd Field (Fig. 1). A full 
description of the sealing characteristics of 
faults in the Oseberg Syd Field is given in Fristad 
et al. (1996). 


Geological setting 

The Oseberg Syd Field is in an area of Mesozoic 
extension located within Block 30/9 on the 
Norwegian Continental Shelf between the 
Horda Platform and the Viking Graben. Most 
faults within the Oseberg/Oseberg Syd region 
strike N-S to NNW-SSE in an anastomosing 
pattern sub-parallel with the Viking Graben. 
The fault blocks range in size from less than 
10 km 2 to 250 km 2 . Almost all of the individual 
fault blocks that have been drilled contain oil 
and gas. Furthermore, depths to the fluid con¬ 
tacts differ between blocks, indicating that the 
bounding faults are also sealing faults. 

The fault discussed here separates two 
hydrocarbon columns in Middle Jurassic Brent 
reservoirs encountered in Wells 30/9-13s and 
30/9-14 with a maximum cross-fault pressure 
difference of 9.5 bar (fault A in Fig. 1). The 
throw maximum is close to the centre of the 
fault, diminishing to zero at its southern end. 
On the same fault there is considerable overlap 
of Brent reservoirs, the maximum offset being 
about half of the local Brent Group thickness. 
The burial depth of the Brent Group at the 
time of faulting is estimated to have been less 
than 500 m. 


Geometric information 

It is important, before performing fault seal 
analysis, to maximize the use of the basic 
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Fig. 1 . Location map of the Oseberg Syd Field off the western coast of Norway. Fault A, shown between Wells 
30/9-13s and 30/9-14, is the fault referred to in this paper. 


geological interpretation. This is usually in the 
form of horizon surfaces from maps or cross-sec¬ 
tions and from fault traces interpreted in cross- 
section. 

Bringing together these two sets of informa¬ 
tion in a single, topologically consistent model 
is non-trivial. First the fault surface has to be 
modelled, in the algorithmic sense, from the 
raw data, in this case the (x, y,z) values of the 
traces picked on vertical sections. Ideally, the z- 
values should be in depth (as in the example dis¬ 
cussed here). We use a proprietary grid-based 
method, referenced to a base plane, that esti¬ 
mates the elevations at grid nodes from the pro¬ 
jection of least-squares, best-fit planes through 
the control points. Data points to be used in 
both the plane fitting and in the final, weighted 
estimation of values at the nodes are selected 
by an octant search strategy. By modifying the 
numbers of points required in each octant and 
by changing the weights, we are able to exercise 
a great deal of control over the resulting surface 
model. This is important because it means that if 
the starting data are good our fault model can be 
forced to honour the control points very closely. 
On the other hand, if data quality is poor, for 
example when fault traces are mis-tied, then we 
need to be able to smooth through the ambigu¬ 
ities and picking errors. Typically, for good 
quality data, we expect to see root-mean-square 
(RMS) residuals between the modelled surface 
and constitutive control points to be of the 
order of a few metres or less. These errors are 
smaller than the horizontal resolution of the 
seismic data. 


Despite the maturity of methods employed for 
interpretation of horizon surfaces, these surfaces 
are rarely in a form amenable to ‘instant’ analy¬ 
sis. The main problem is usually an overestima¬ 
tion of the heave which can lead to incorrect 
throw computations and erroneous juxtaposi¬ 
tions (see Needham et al. (1996) for a discussion). 
During our modelling procedure we apply cor¬ 
rections to horizon interpretation in the vicinity 
of a fault which ensure a single, consistent 
fault/horizon topology with no gaps or overlaps. 
We refer to this model as the framework top¬ 
ology (Fig. 2). 

This framework topology forms the basis of an 
analysis. From it we are able to derive quantities 
such as throw, gouge ratio, thickness variations, 
reservoir overlap areas, etc. It is used as a tem¬ 
plate for refining stratigraphy from seismically 
mappable scale to reservoir zone scale and for 
computing pressure variations as projected 
from well information. 

It is possible to short-cut some of the steps in 
the geometric analysis by producing strike pro¬ 
jections of horizon terminations directly from 
horizon maps (e.g. Allan 1989). However, there 
are always vertical inaccuracies introduced by 
using hand-drawn fault polygons, but more 
importantly strike projections do not conserve 
area. Hence reservoir-reservoir juxtapositions 
that may be significant in a reservoir engineering 
sense may be lost on a strike projection. In 
our view it is better to maximize the geometric 
data by producing a fully three-dimensional 
topology rather than degrading it by using a 
two-dimensional approach. 
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Fig. 2. Three-dimensional model of fault A shaded in throw with illumination perpendicular to the page; vertical 
exaggeration is a factor of three. Maximum throws (red) are approximately 250 m diminishing to zero (blue) where 
the fault is mapped above the Base Cretaceous. Marked on the surface are hangingwall and footwall terminations 
of the seismically mapped horizons: Base Brent, Top Lower Tarbert and Base Cretaceous. 


Stratigraphic and compositional information 

In most cases it is not feasible to use the large- 
scale stratigraphic model, defining the frame¬ 
work topology, directly to predict across-fault 
reservoir characteristics. This is because a 
mappable seismic interval may contain many 
individual reservoir zones. Moreover, in geo¬ 
logical settings where the seismic image is very 


much degraded, e.g. in sub-salt plays, it is 
common for there to be only one picked horizon, 
say top reservoir. Hence, the framework topol¬ 
ogy needs to be augmented with stratigraphic 
detail derived from alternative sources, namely 
wireline logs. Although it is possible to divide 
the log curves explicitly into reservoir and non¬ 
reservoir units, this in itself can present a major 
problem of lateral correlation. Usually it is 



Fig. 3. View, scale and illumination as for Fig. 2. (A) Modelled fault as a grid with the intersection of the 
footwall reservoir zones (two shades of yellow). (B) Brent-Brent juxtaposition (red, blue and green). All the zones 
within the Brent Group are potential reservoirs hence all the shaded region represents an area for potential leakage. 
The overlap is shaded on a zone-by-zone basis to emphasize the complexity of juxtapositions that can arise from a 
relatively simple, layer-cake, stratigraphic model. 
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more practical to interpret the curves in terms of 
reservoir zones, for which one can be confident 
that their lateral continuity exceeds the length 
of the fault in question. 

Having sub-divided seismic intervals into 
zones and measured their relative (or absolute) 
vertical thicknesses, we compute the locations 
of the zone intervals within the framework topol¬ 
ogy. In the Oseberg Syd example the reservoirs of 
interest occupy the Brent Group, for which we 
recognize eight zones of alternating good sands 
and poor sands. Zone compositions were derived 
from computer-processed petrophysical logs, 
specifically the shale volume fraction curve. All 
zones contain some clay. The goods sands have 
a clay content of c. 15% and the most shaly 
sands have a clay content of c. 30%. Above the 
Brent Group the average clay content is c. 50%, 
beneath it, the clay content is c. 62%. Figure 
3A shows the fault surface with intersecting 
reservoir zones of the footwall. Note that the 
upper footwall zones are eroded beneath the 
Base Cretaceous unconformity. Combining the 
footwall and hangingwall stratigraphies reveals 
the extent of the Brent-Brent juxtaposition 
(Fig. 3B). Figure 3B also shows the complexity 
of juxtaposition geometries that arise from rela¬ 
tively simple stratigraphic relationships. There 
is potential for cross-leak at all Brent-Brent 
overlap, although it is the good sand-good 
sand juxtapositions that represent the locations 
of greatest risk. The next stage in the process is 
to quantify this risk by computing the shale 
gouge ratio. 


Gouge ratio computations 

Gouge ratios can be computed for any imperme¬ 
able material that is likely to be incorporated 
into the fault zone. Most commonly the 
impermeable material is clay, when we refer to 
the parameter as the shale gouge ratio. The 
gouge ratio calculation is performed, once 
again, as a grid-based operation. The spacing 
of the grid nodes is chosen such that the thinnest 
stratigraphic units are adequately represented in 
raster form. This grid is usually very much finer 
than that for the surface model. For conveni¬ 
ence, the parameters of the gouge ratio grid 
are always integer multiples of those from the 
suface models. Hence it is straightforward to 
interpolate structural information, i.e. throw 
from the surface model onto the gouge ratio 
grid. 

At every node on the gouge ratio grid we 
perform the same operation. We estimate the 
proportion of shale that is present within the 


fault zone at that node. Practically, this means 
quantifying the volume fraction of shale in the 
window of rock that has slipped past the node, 
where the height of the window is equal to the 
throw. In order to be able to deal with geological 
situations that involve post-faulting erosion we 
are able to define the window to lie either entirely 
in one wall or to straddle the node with half in the 
footwall and half in the hangingwall. Figure 4 is a 
schematic diagram describing the calculation at a 
single node using a window of throw in the hang¬ 
ingwall. The gouge ratio method may be applied 
to stratigraphies that isolate units explicitly as 
shale and reservoir units (Fig. 4a) or to strati- 




Fig. 4. (a) Computation of shale gouge ratio at a point 
from a discrete sequence of sands (unlabelled) and 
shales (Z 2 and Z 2 ). (b) Computation of shale gouge 
ratio at a point when the clay content is considered as 
an average value over defined zones. V cl indicates the 
volume fraction of clay in an interval of thickness Z. 
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Fig. 5. Isometric view of fault A seen from the west. Vertical exaggeration is a factor of five. Footwall and 
hangingwall interval boundaries are shown as solid lines and the Brent-Brent overlap is shaded in shale gouge 
ratio. Fluid contacts (GOC, gas-oil contact; OWC, oil-water contact) are projected from Well 30/9-13s in the 
footwall and from Well 30/9-14 in the hangingwall. 


graphics that are defined more generally as 
shaly members and reservoir members (Fig. 
4b). In the latter case the shale gouge ratio is 
computed from the sum of the volume fractions 
of clay in both reservoir and non-reservoir 
units. 

This flexibility in the interpretation of the 
gouge ratio model means that it is suitable to 
apply to a broad range of scales. One may also 
represent the probability of encountering shale 
beds of given thickness as a volume fraction of 
clay in a broader zone. Although we do not 
discuss this aspect any further, it opens the 
possibility of using gouge ratio calculations in 
stochastic models. 

Figure 4 shows that the gouge ratio computa¬ 
tions involve throw and vertical thicknesses. 
Geometrically this is equivalent to dip separation 
and bed thickness measured in the direction of 
fault dip. Furthermore, providing there are no 
significant lateral thickness changes on the scale 
of the displacement, the throw and vertical thick¬ 
ness model can be applied to faults of dip-slip, 
oblique-slip or strike-slip origin. 

For our Oseberg Syd example, Fig. 5 shows 
shale gouge ratio computed over all of the 
Brent-Brent juxtaposition. Shale gouge ratio 
varies between 15% and 30%. The lowest 


value, 15%, lies in the saddle towards the south¬ 
ern end of the structure. This point is deeper than 
the structural spill point, hence it is of little inter¬ 
est. The critical region, with a shale gouge ratio 
of 18%, lies towards the crest of the structure 
in the oil leg of the footwall and in the gas leg 
of the hangingwall. Repeat formation tester 
data from wells on either side of the fault are 
summarized in Fig. 6. This clearly demonstrates 
that fault A seals and that the shale gouge ratio 
of 18% is a threshold value able to support a 
minimum pressure difference of c. 8 bar. 

In order to make maximum use of shale gouge 
ratio calculations it is important to review the 
threshold values on all of the faults in the field 
that are known to seal. This provides a calibra¬ 
tion. It is then possible to calculate the shale 
gouge ratio for faults that have not been drilled 
in one or both walls and to predict whether or 
not the fault is likely to be able to support a pres¬ 
sure difference, hence trap hydrocarbons. Fristad 
et al. (1996) provide a complete description of all 
the sealing faults in the Oseberg Syd Field. They 
find consistently that a shale gouge ratio less than 
15% will not seal, between 15% and 18% will 
support small pressure differences (c. 0.5 bar) 
and that above 18% will support pressure differ¬ 
ences in excess of 8 bar. 
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Fig. 6. Summary of the repeat formation tester data 
showing the maximum pressure difference at the top of 
the structure between the footwall and hangingwall gas 
legs. 

Remarks 

(1) Gouge ratio calculations show that the 
spatial sealing characteristics of a single 
fault are likely to be heterogeneous, i.e, it 
may seal over some of the sand-sand con¬ 
tacts but leak over others. 

(2) In the example from the Oseberg Syd Field 
we show that a shale gouge ratio in excess of 
18% will support a pressure difference of 
c. 8 bar. In our experience from the Oseberg 
Syd Field and several other fields we find, as 
a rule of thumb, that shale gouge ratios less 
than 15% are likely to leak. As the shale 
gouge ratio increases above 20% the likeli¬ 
hood that the fault will seal also increases. 

(3) An important step in the context of apprai¬ 
sal/production is to constrain the threshold 
value as closely as possible by considering 
as many sealing faults as possible from the 
same field. However, using the rule of 
thumb (above), shale gouge ratio may also 
be used in exploration provided rudimen¬ 
tary information on zone thicknesses and 
composition is known. Various possibili¬ 
ties, using different well prognoses, could 
be used in an exploration setting to assist 
risk calculation for a prospect. 

(4) Nearly all fields in appraisal or production 
have, as standard, the relevant information 
required to perform a shale gouge ratio 
analysis, i.e. seismic interpretation (in time 
or depth), wireline logs, drilling and pro¬ 
duction pressure data. 


(5) The gouge ratio method embodies a notion 
of upscaling, is straightforward to apply 
and produces usable results very rapidly. 
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Abstract: An experimental rock mechanics facility was used to assess the finite permeability 
of shear bands artificially induced in cylindrical core plugs of high porosity sandstone under 
triaxially compressive stress states of varying magnitude. A method of estimating shear 
band permeability from axial transient pulse-decay measurements is presented, based on 
certain assumptions including a linear thickness decrease with resolved normal stress 
across the fault. Computed permeability reductions range from 2.5 to 3.5 orders of magni¬ 
tude, with cataclastic sealing exhibiting an order of magnitude increase with increasing 
normal stress and angular shear strain imposed on the gouge zone. A laser particle sizing 
technique was applied to the experimentally generated fault gouge samples to appraise 
any differences in their distributions down to 0.1 (i m particle size. By defining the peak (rela¬ 
tive fineness) and width of distribution (closeness of grading) of each, the Rosin-Rammler 
exponential function was able to quantify ‘cataclastic intensity’ via a ‘coefficient of 
variation’ statistical parameter. An empirical relation demonstrated between fault seal 
and degree of cataclasis is rationalized through consideration of the Kozeny-Carman 
relation, which analyses permeability in terms of its constituent parameters of tortuosity, 
porosity and surface area. 


Whilst developments in probe permeametry have 
enabled quantification of sedimentary hetero¬ 
geneity down to the lamina scale, with such fine 
detail being incorporated directly into numerical 
reservoir simulation packages at a scale of the 
gridblock (Ringrose et al. 1993), no parallel 
advance has been evident in similarly quantifying 
the flow characteristics of tectonic discontinuities 
which cross-cut the stratigraphy. To fully incor¬ 
porate fault architecture into reservoir simula¬ 
tion model gridblocks, reliable predictions of 
their size population, spatial distribution and 
hydraulic characteristics are a prerequisite. 
Heath et al. (1994) successfully modelled power 
law populations of sub-seismic faults with realis¬ 
tic North Sea densities, although the faults were 
approximated to impermeable (zero transmissi- 
bility) baffles. Although Heath et al considered 
uncertainty concerning the hydraulic characteris¬ 
tics of real faults to be the most important limita¬ 
tion on the modelling procedure, to date work 
on the petrophysical properties of faults, and in 
particular their hydraulic nature, has received 
at best only sparse attention. 

Excellent initial studies aimed at quantifying 
the porosity and permeability of fault surfaces 
include textural, porosity and gas permeability 
measurements made on cataclastic slip bands 
from the Locharbriggs sandstone of SW Scot¬ 
land by Fowles & Burley (1994) and the mini- 
permeameter work of Antonellini & Aydin 
(1994) on deformation bands in the Navajo and 
Entrada sandstones of SE Utah. To complement 


these, results are reported here based on an 
experimental rock mechanics approach, which 
has focused on transient pulse-decay liquid 
permeability measurement of cylindrical sand¬ 
stone specimens faulted in shear under triaxially 
compressive stress states. A method of estimating 
these experimentally generated shear band 
(morphologically similar to natural granulation 
seams) permeabilities is presented, and the 
observed stress-sensitive nature of the sealing 
potential considered in terms of ‘cataclastic 
intensity’ derived from fault gouge distributions 
quantified using novel laser particle sizing 
technology. 


Theory 

Fault permeability measurement 

Whilst steady-state permeability is determined 
from measurements of flow rate through a 
sample under a constant pressure gradient, for 
shear band permeability estimation, it was 
found more convenient to use a transient tech¬ 
nique, that is, to observe the decay of a small 
pressure pulse imposed at the upstream end of 
the core. The transient method was introduced 
by Brace et al (1968) to measure the permeability 
of Westerly granite core plugs. The ‘pulse-decay’ 
technique utilized here is based on an integration 
of Darcy’s law over the duration of the pres¬ 
sure pulse-decay. From a system initially at 
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equilibrium with a given pore pressure, a pres¬ 
sure pulse is introduced into the upstream reser¬ 
voir and allowed to decay through the test 
specimen from time t\ to time t 2 against a con¬ 
stant pore pressure, for which it can be shown 
that permeability, k , results from: 

k ^CL ( AP . ■V (]) 

U ^ d v 

where fi is fluid viscosity, C system compressi¬ 
bility, L core specimen length, A specimen 
cross-sectional area, and A P the pressure drop 
across the specimen. The integral in Eqn 1 
represents the area under a computer-logged 
AP-time decay curve. 

A very simple method for estimating the 
permeability of an inclined shear fracture 
(induced under triaxial compression of a cylind¬ 
rical specimen), from transient axial permeability 
measurement conducted on the host core plug, is 
outlined below. The two main assumptions 
which tend to restrict application of the basic 
analysis are that: (i) the permeability of the 
shear band is very much less than the permeabil¬ 
ity of the stressed rock matrix forming the two 
specimen halves; (ii) the shear fracture conforms 
to a shear band geometry with finite and uniform 
thickness. 

Nevertheless, if the above suppositions are 
generally valid, then the following analysis 
provides a robust rational approximation for 
shear band permeability. For high-porosity 
sandstones, assumption (i) is satisfactory, and 
carries the implication that virtually all the 
pressure drop measured across the specimen is 
occurring across the shear band, so that with 
^fault ^ ^cor e» A^fauit ~ AP core (AP core being 
experimentally measured). Using Eqn 1 this 
assumption can be expressed as: 



Fig. I. Schematic illustration of faulted core plug 
geometry with inclined shear band. 


approximate expression for shear band perme¬ 
ability, in terms of a geometric constant incor¬ 
porating core specimen dimensions and the 
elliptical fault surface area, shear band thickness 
and the measured core permeability: 


^fault 


LA 


fault 


( 3 ) 


Cataclastic intensity measurement 


rh ft 2 

^fault^fault I A Pdt ^core^core APdf 

_Fi__ __Fj_ ( 2 ) 

Cfie CfiL 1 ; 

where the core possesses permeability P core , 
cross-sectional area A core , length L, and the 
shear band possesses permeability P fault , elliptical 
area and thickness e. The experimental 

arrangement is shown in Fig. 1, in terms of 
assumptions (i) and (ii). A constant pressure 
exists from the upstream end of the core to the 
shear band, a pressure drop occurs across the 
fault zone, and a lesser constant pressure exists 
to the downstream end of the core. On rearrange¬ 
ment and cancellation Eqn 2 reduces to an 


Rosin & Rammler (1933) developed a distribu¬ 
tion function for broken coal which they later 
claimed to be ‘a universal law of size distribution 
valid for all powders, irrespective of the nature of 
the material and the method of grinding’. For a 
mass of particles (the percentage oversize or resi¬ 
due, R) whose diameter is greater than a stated 
size, x, Rosin & Rammler deduced from prob¬ 
ability considerations that the residual weight 
distribution is governed by the law: 

R = 100 - G(x) = 100e -for " (4) 

where G is the total weight of particles in the 
sample and n and b are constants, n being 
independent of fineness but characteristic of the 
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material, and b increasing with increasing 
fineness, thus being comparable to a measure 
of spread. The distribution (Eqn 4) can be 
represented in iterated logarithmic form as a 
straight line relationship between R and x: 

log[log(100/i?)] = log(6) + log[log(e)] 

+ nlog(x) (5) 

Bennett (1936) provided a physical interpreta¬ 
tion of the constants in the above Rosin-Ramm- 
ler law, calling n the ‘distribution constant’ and 
x = [1 /{ny/b)\ the ‘absolute size constant’. For 
theoretically perfect grading so that all the parti¬ 
cles are the same size, n — > oo; for a material 
obeying the simple exponential law n = 1 with 
steady size reduction; whilst for more rapid size 
reduction, n < 1, characteristic of a ‘dusty’ 
material. Thus the distribution constant, n, 
standing for the distribution of size, is a measure 
of the closeness of grading and fixes the distribu¬ 
tion of particle size: the greater its value the more 
closely sized the material, the smaller its value the 
more dispersed the sizes. The absolute size con¬ 
stant, x, measures the actual size of the material, 
large values meaning coarse material and small 
values fine material. Rewriting Eqn 4 in terms 
of the absolute size constant, x, gives: 

R= 100 exp — (6) 

The peak of the particle size weight distribu¬ 
tion curve is theoretically for n— 1 at 
R — 100/e = 36.8%, for if we denote the mode 
of the distribution curve by x, then Eqn 6 
becomes for n — 1, R= lOOe" 1 = 36.8%. Ben¬ 
nett observed that the sieve opening x corre¬ 
sponding to R = 36.8% could be conveniently 
used as a characteristic of the degree of commi¬ 
nution of the material, and since the slope of 
the straight line on the Rosin-Rammler graph 
depends upon the range of particle size, the 
ratio of the angle a (n = tan a) and the mode x 
epitomizes very effectively the distribution 
curve as regards both mode and range of particle 
size. Herdan (1960) likened the quantity (ot/x) to 
a quasi-‘coefficient of variation’, enabling direct 
comparison of the degree of dispersion (slope 
of the line) in samples from different materials 
which may possess different modes (position of 
the line). Thus, as noted by Herdan, characteri¬ 
zation of particle size distribution by means of 
{ot/x) has a powerful potential for tracking and 
describing the process of grinding. In this 
study, {alx) is used to quantify the ‘intensity of 
cataclasis’ of experimentally produced fault 
gouge. 


Equipment configuration 

Stress-sensitive core plug permeability 
measurement 

Coupled permeability measurement and micro- 
seismics monitoring of Clashach specimens, frac¬ 
tured and sheared under triaxial stress states of 
varying magnitude, was achieved within the 
experimental ‘wet’ rock mechanics facility 
shown schematically in Fig. 2, and described 
below. The system centres around a lOOOkN 
stiff, servo-controlled hydraulic press which gen¬ 
erates an axial load parallel to the rock specimen 
long axis, whilst independently, uniform radial 
confining pressure is applied to the curved sur¬ 
face of the rock specimen via a servo-controlled 
hydraulic pressure vessel, rated to 68.9 MPa 
(lOOOOpsi). 

Permeability measurement utilized a periph¬ 
eral pulse-decay system as opposed to a steady- 
state procedure for shear band permeability 
quantification. Traditionally, liquid permeabil¬ 
ities are determined by the steady-state dynamic 
displacement technique, whereby the rate of 
flow through a core sample is monitored as a 
function of the applied constant pressure gradi¬ 
ent, so that permeability is readily computable 
through application of Darcy’s law to the rate 
and pressure data. During such measurements, 
however, relatively large permeant volumes 
have to be passed through the sample before 
rate and pressure stability is achieved, resulting 
in a real potential for damage to fine pore struc¬ 
ture due to the passage of large pore fluid 
volumes, and especially in fines migration 
throughout the core plug. Consequently the tran¬ 
sient pulse-decay technique is far better suited to 
the estimation of shear band permeabilities from 
axial core plug measurements. 

With reference to Fig. 2 the system is based 
around a high pressure/low volume syringe 
pump able to deliver at a constant flow rate to 
the specimen’s upstream end, at pore pressures 
up to 68.9 MPa (10 000psi) and on a differential 
pressure transducer able to measure a differential 
pressure across the specimen ends of up to 
±0.7 MPa (100 psi) over the system pressure. A 
chart recorder is used to provide a hardcopy 
pressure-time decay curve, the integration of 
which provides a measure of plug permeability. 
In order to keep the experimental methodology 
as simple as possible, each test was conducted 
under drained conditions with the downstream 
reservoir open to atmosphere, so that effectively 
zero pore pressure was maintained throughout 
the core specimen for all tests reported here. 
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Downstream Reservoir 



Fig. 2. Schematic illustration of the experimental rock mechanics testing facility, showing peripheral transient 
permeability and microseismic monitoring systems. 


Peripheral active (compressional- and ortho¬ 
gonal shear wave velocity measurement) and 
passive (acoustic emission monitoring) micro- 
seismic systems allow measured changes in 
permeability, resulting from variation of the 
experimentally applied triaxial effective stress 
state, to be related to microstructural deforma¬ 
tion occurring in response, within the rock 
specimen. Equipment specifics and results from 
the active and passive microseismic systems can 
be found in Crawford et al. (1995) and Liako- 
poulou-Morris et al. (1994) respectively, and 
will not be discussed further here. 


Fault gouge laser particle sizing 

To characterize fault gouge size distributions, a 
high-resolution ‘Mastersizer’ laser light scatter¬ 
ing-based particle size analyser, commercially 
available from © Malvern Instruments Ltd, 
was employed. The system utilizes composite 
laser light diffraction patterns produced by the 
dispersed particles to compute size distributions. 
Figure 3 is a schematic representation of the 
device. 

The Mastersizer has three standard user- 
defined size ranges: 600-1.2, 180-0.5 and 80- 
0.1 /im. It cannot simultaneously cover the 
complete dynamic range in one measurement, 


so the total span is broken down into the above 
size ranges, each selected by fitting the appro¬ 
priate receiver lens, of focal length 300 mm, 
100 mm and 45 mm respectively. The Mastersizer 
employs two forms of optical configuration to 
achieve its wide range. Whilst conventional 
Fourier optics are used for the two greater 
focal length lenses, the 45 mm lens utilizes a 
reverse Fourier optical configuration to minimize 
aberrations associated with large angle scattering 
detection (typically >10°) from small particles. 
When a particle scatters light, in this case sourced 
from a low-powered laser, it produces a unique 
light intensity characteristic with angle of obser¬ 
vation. This light is scattered so that the 
measured energy on a detector has a peak at a 
favoured scattering angle which is related to the 
particle diameter. Large particles have peak 
energies in small angles of scatter and vice versa 
for small particles. In Mastersizer the range of 
detection has been extended to in excess of 50° 
in order to measure sizes down to 0.1 pm. 

The conventional Fourier optical configura¬ 
tion is shown schematically in Fig. 3. Laser 
light (2 mW He-Ne laser of 633 nm wavelength) 
is used to form a collimated and monochromatic 
beam known as the ‘analyser beam’. Any parti¬ 
cles present within the analyser beam will scatter 
the laser light. The light scattered by the particles 
and the unscattered remainder are incident onto 
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Fig. 3. Schematic illustration of the optical configuration employed for laser particle sizing, comprising a sample 
recirculating system, an optics module and a microcomputer. 


a receiver lens known as the ‘range lens’, which 
operates as a Fourier transform lens, forming 
the far-field diffraction pattern of the scattered 
light at its focal plane, where a 31-element 
solid-state detector, in the form of a series of 31 
concentric annular sectors, gathers the light 
over a range of solid angles of scatter. 

The time-averaged diffraction pattern shape is 
a convolution of the contributions of all of the 
particles of the composite sample. Signals from 
the measurement windows are deconvolved into 
a multichannel histogram of the particle size 
distribution by a complex algorithm. The algo¬ 
rithms used to calculate particle size distribution 
from composite diffraction patterns are manu¬ 
facturer-dependent and proprietary; however, 
from relationships in Weiss & Frock (1976) it is 
evident that the angle through which the light is 
diffracted is inversely related to particle size, 
and the diffracted light intensity is directly 
related to particle quantity. For a detection 
range which has been extended up to >50° in 
order to measure down to 0.1 fim, the scattering 
from such small particles at such high angles 
becomes heavily dependent on the optical prop¬ 
erties of the material, necessitating use of the 
‘Mie’ optical theory to model light scattering. 
Mie theory is an exact solution to Maxwell’s 
equations for the case of a spherical particle, pro¬ 
viding a complete description of the light scatter¬ 
ing from optically homogeneous spheres, and 
requires data input on the differential refractive 


index between dispersant and particle, and the 
particle absorption 

Thus it is possible for the computer to predict 
the scattering signal that would be received from 
a wide range of materials at a given size. It 
formulates a table that characterizes how a unit 
volume of material, of a range of sizes through¬ 
out the working range, scatters light. Using this 
theoretical data, the computer deduces the 
volume size distribution that gives rise to the 
observed scattering characteristics by a process 
of constrained least squares fitting of the theore¬ 
tical scattering characteristics to the observed 
data. This best fit result can either be obtained 
with no assumed form of size distribution 
(model-independent) allowing the characteriza¬ 
tion of multimodal distributions with high reso¬ 
lution, or else the analysis can be constrained 
to three known forms of volume distribution, 
the normal, log-normal or Rosin-Rammler, in 
which volume distribution is constrained to 
have a single peak which can be completely spe¬ 
cified by two parameters of a characterizing 
equation, describing the position of the peak on 
the size scale and the width of the distribution. 


Experimental methodology 

The development of macroscopic shear faulting 
is examined over a timescale of a few tens of 
minutes, under servo-controlled triaxially com- 
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Fig. 4. Scanning electron photomicrograph of a fresh fracture face of undeformed Clashach sandstone, illustrating 
the nature of its primary porosity. 


pressive stress states applied to initially intact 
specimens of relatively homogeneous Clashach 
sandstone, saturated in a chemically inert pore 
fluid (oil). In this paper the influence of triaxial 
stress magnitude on fluid permeability is exam¬ 
ined, with particular regard to the structural 
effects of sliding-induced fault gouge charac¬ 
teristics on shear band permeability. In a paper 
(Liakopoulou-Morris et al. 1994) describing the 
same suite of tests, natural acoustic emission 
(AE) results are interpreted in terms of a mean 
field theory for damage evolution (Main 1991). 

Test specimens were sourced from the 
Clashach commercial quarry, near Hopeman 
Village in the Elgin area of NE Scotland. Strati- 
graphically the test rock-type is drawn from the 
Hopeman Sandstone, which outcrops in Permo- 
Triassic aeolian outliers on the shores of the 
Moray Firth basin (Lovell 1983). The Clashach 
sandstone is a pale-fawn homogeneous (on the 
core plug scale), high-porosity ( c. 18-21%), 
well-sorted, medium- to coarse-grained subar- 
kosic arenite, composed predominantly of sub¬ 
rounded quartz grains (c. 90%) and fresh to 
altered potassium feldspar ( c. 10%). Detrital 
grains appear hardly affected by diagenetic 
changes, except for the presence of well-devel¬ 
oped secondary quartz overgrowths in optical 
continuity with the host grains. Figure 4 shows 
a scanning electron photomicrograph of a 
broken surface of Clashach sandstone, illustrat¬ 
ing the nature of its primary porosity. Right- 


cylindrical cores were taken at 38.1mm 
(1.5 inch) diameter (length-to-diameter ratios of 
2:1) from a single recovered block, and were 
prepared with flat and parallel end-faces. After 
preparation, the plugs were oven-dried at 100°C 
for 24 hours, prior to being saturated under 
vacuum with a refined mineral oil (Shell Tellus 
Oil 15). 

Each specimen was subjected to a three-stage 
stress path as illustrated schematically in Fig. 5. 
The aim of the above test procedure was to 
allow comparison of fluid transport and of 
acoustic properties measured following Stage I 
fault nucleation, Stage II dynamic slip weaken¬ 
ing, and Stage III reshearing after mechanical 
strengthening. Following Stage II residual sliding 
and permeability (C) measurement, the confining 
pressure was increased by an arbitrary 6.9 MPa 
(1000 psi) prior to Stage III sliding and perme¬ 
ability (D) determination. This had the effect 
of mechanically strengthening the fault, and 
mimics to some extent the quasi-static strength 
recovery which may result in the Earth from 
combined physico-chemical processes over 
larger timescales. 

Whilst transient permeability measurements 
were conducted under constant triaxial stress 
states by holding the applied axial load, AE 
was monitored over conditions of changing 
triaxial stress, associated with a constant rate 
of axial specimen shortening («1.25/mi per 
second). As depicted in Fig. 5, four transient 
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Fig. 5. Schematic illustration of the experimental programme for coupled permeability and microseismics triaxial 
compression testing. 


plug permeabilities were taken for each discrete 
specimen tested, under constant stress conditions 
corresponding to: (A) hydrostatic; (B) immediate 
post-dynamic failure; (C) post-initial slip weak¬ 
ening; (D) post-reshearing on mechanical 
strengthening. 

In total, seven Clashach sandstone specimens 
were tested, with the magnitude of the initial 
hydrostatic stress state representing the principal 
experimental variable (Table 1). From this it is 
evident that five specimens were tested under 
initial confining pressures of 6.9, 20.7, 34.5, 48.3 
and 62.1 MPa (1000, 3000, 5000, 7000 and 
9000 psi respectively) whilst a further two dupli¬ 
cate specimens were also tested under 20.7 MPa 


and 62.1 MPa pressures, to check data repro¬ 
ducibility. With a maximum applied confining 
pressure following mechanical strengthening of 
68.9 MPa (10 000 psi) representing the upper 
working limit of the pressure vessel, the experi¬ 
ments therefore mimicked an in situ depth ranging 
from approximately 0.3 km to 3 km (based on an 
overburden stress gradient of 1.0 psi/ft and assum¬ 
ing a uniform increase in overburden stress with 
depth). 

Following unloading of each test specimen, a 
‘post-mortem’ examination of the induced fault 
gouge was conducted using laser particle sizing 
techniques. The powdered comminution 
products were washed from both the upper and 


Table 1. Summary table of initial confining pressures for permeabilities 
(A), (B) and (C) and final confining pressures for post-reshearing 
permeability (D) 


Specimen 

I.D. 

Confinement 
permeabilities A, B & C 
phases I & II 

MPa (psi) 

Confinement 
permeability D 
phase III 

MPa (psi) 

#15 

6.9(1000) 

13.8(2000) 

#16 

34.5(5000) 

41.4(6000) 

#18 

48.3(7000) 

55.2(8000) 

#19 

20.7(3000) 

27.6(4000) 

#20 

62.1 (9000) 

68.9(10000) 

#21 

20.7(3000) 

27.6(4000) 

#22 

62.1 (9000) 

68.9(10000) 
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lower shear fracture wall rock faces using acet¬ 
one. The powder/organic solvent mixture was 
then placed in a sonic water-bath to separate 
any remnant oil permeant from the gouge 
sample. The powder was then dried in an oven 
at 100°C for 24 hours before being sieved into 
>500 /im and <500 pm fractions, the latter 
being used for particle sizing analysis. 


Results 

Transient permeability 

The influence of applied stress state on axial 
liquid permeability is shown in Fig. 6. In plot 
(a) permeability (A) values are graphed against 
the hydrostatic stress magnitudes at which each 
was measured, whilst immediate post-dynamic 
faulting permeability (B) values are graphed 
against normal stress magnitudes resolved 
across the induced faults. The shear stress, r, 
and normal stress, a n , may be computed from 
knowledge of the applied principal stresses <7! 
and <j 3 , and of fault inclination with respect to 
the direction of maximum compression, 
0 = fault <j \, using the well-known biaxial stress 
equations (e.g. Byerlee 1967). 

From Fig. 6a it is evident that the magnitude 
of hydrostatic stress has no effect on initial 
permeability (A) which ranges between 685 mD 
(#22) and 1037 mD (#20), most likely reflecting 
a variation in initial rock microstructure. Here 
compaction is probably accommodated via 
elastic pore closure, so that for the relatively 
high-porosity Clashach rock-type, although pore 
size may be decreased, connectivity and hence 
permeability will remain relatively unchanged. 

In contrast, following immediate dynamic 
fault formation with minimal frictional sliding, 
permeability (B) measurement shows a moderate 
linear negative correlation with normal stress 
resolved across the failure plane. In Fig. 6b 
post-slip weakening and post-reshearing perme¬ 
abilities (C) and (D) respectively are also plotted 
against normal stress, the correlations appearing 
considerably improved with frictional sliding. 
Whilst it is tempting to assign these axial plug 
permeability versus stress correlations solely to 
the development of a layer of comminuted fric¬ 
tional wear debris along each fault plane, the 
dependency of (B) on <r n suggests that an addi¬ 
tional stress-sensitive variable might also be 
instrumental in controlling the measured reduc¬ 
tions in axial permeability. Little fault gouge 
would be expected to have developed at the 
stage of permeability (B) measurement, frictional 
sliding on the fault plane being only about 0.01 to 


0.1mm (from knowledge of a measured axial 
specimen shortening, A7 a , the slip displacement, 
<5 S , on a shear plane inclined at an angle, 6, can 
be ascertained from application of elementary 
trigonometry as being 8 & — A£ a /cos0). 

Fault inclination, 6 , was also found to be 
stress-sensitive, and increased systematically 
from 20° to 40° with increasing cr 3 , as a conse¬ 
quence of the parabolic Griffith-type fracture 
strength envelope, the slope of which decreases 
with increasing <j 3 (see the discussion in Paterson 
(1978, pp 24-28) on the relation between fracture 
inclination and slope of the failure envelope). 
This stress-dependency is immediately imparted 
to fault orientation, 0 , and hence to fault area, 
v4f au it, which is a variable in Eqn 3. Thus defining 
a ‘geometric constant’, G— [^ C ore/(^fauit)] in 
Eqn 3 where k core varies inversely with G, it is 
probable that the inverse relationship between 
permeability (B) and normal stress is due to the 
stress-dependency transmitted to the geometric 
constant, as a result of 0 increasing with cr 3 . 
This inverse relation between # core and G will 
also exist for permeabilities (C) and (D), tending 
to mask any stress dependency associated with 
the shear band, k fault . Thus to investigate the 
control of triaxial stress state on induced fracture 
permeability, in terms of potentially stress- 
sensitive fault gouge characteristics, geometric 
variability must also be accounted for via 
Eqn 3, necessitating estimation of shear band 
thickness, e. 


Rosin-Rammler distribution functions 

As far as is known, the first published example of 
the application of laser sizing technology to rock 
fragmentation is that of Crawford et al. (1994), 
who studied the relation between frictional 
strength of a wide variety of lithologies measured 
under direct shear conditions, and the distribu¬ 
tion characteristics of their resultant frictional 
wear products. Unlike the direct shear specimen 
study, in which the analysis mode was set to 
model-independent, so that no assumptions 
were made about the form of each result with 
regard to its distribution, for the Clashach suite 
the Rosin-Rammler two-parameter analysis 
model was selected, constraining the volume dis¬ 
tribution to have a single peak completely identi¬ 
fied by the two parameters x and n (describing 
the position of the peak on the size scale and 
the width of the distribution respectively). 

Graphical representation of the Mastersizer 
Rosin-Rammler particle size distribution ana¬ 
lyses are given in Fig. 7a and b for the 300 mm 
and 45 mm range lenses respectively. Tabulated 
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Fig. 6. Influence of applied stress state on core plug axial liquid permeability: (a) permeability (A) versus hydrostatic 
stress plus permeability (B) versus resolved normal stress • (A) hydrostatic; o (B) post-dynamic failure; 

(b) permeabilities (C) and (D) versus resolved normal stress, • (C) post-residual sliding; o (D) post-reshearing. 
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log [x] (microns) 



log [x] (microns) 

Fig. 7. Straight-line graphical representations of the Rosin-Rammler function for laser sized fault gouge 
distributions: (a) 300 mm range lens giving 500-1.2 fim particle size range; (b) 45 mm range lens giving 80-0.1 fi m 
particle size range. 
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Table 2. Tabulated Rosin-Rammler constants for laser sized fault gouge distributions 


Specimen I.D. n 

aO 

b 

x (pm) 

(a/x) 

/ — 300 mm range lens 1.2 < ; 

v < 600 (jim 




#15 

1.43 

55 

2.29e-4 

347 

0.16 

#16 

1.32 

53 

1.62e-3 

130 

0.41 

#18 

1.18 

50 

1.74e-3 

219 

0.23 

#19 

1.30 

52 

5.12e-4 

341 

0.15 

#20 

1.38 

54 

2.81e-4 

381 

0.14 

#21 

1.23 

51 

1.36e-3 

213 

0.24 

#22 

1.19 

50 

2.39e-3 

163 

0.31 

/ = 45 mm 

range lens 0.1 < x 

< 80 /tm 




#15 

2.12 

65 

1.76e-4 

59 

1.09 

#16 

1.70 

60 

1.03e-3 

57 

1.04 

#18 

1.89 

62 

4.25e-4 

61 

1.03 

#19 

2.32 

67 

7.16e-5 

62 

1.08 

#20 

1.68 

59 

1.04e-3 

60 

0.98 

#21 

2.01 

64 

2.87e-4 

58 

1.10 

#22 

1.44 

55 

2.87e-3 

58 

0.96 


constants n , a , b, x and (a/x) are presented in 
Table 2. From the particle size distribution 
plots and tabulated Rosin-Rammler constants, 
it is evident that the 300 mm range lens data 
show a relatively wide spread in actual particle 
size, as denoted by the position of each line, 
with x ranging from 130/mi to 380 /mi, whilst 
the between-specimen distribution of particle 
size remains relatively constant, with 
«« 1.3 ±0.1. In direct contrast, however, the 
45 mm range lens data show relative uniformity 
in absolute particle size, x& 59 ±2, whilst 
between-sample distribution contrasts, denoted 
by variance in the slope of each line, show n 
ranging broadly from 1.4 to 2.3. Thus the rela¬ 
tively large size range data (1.2 < x < 600 /on) 
imply a wide diversity in the coarseness of the 
fault gouge from sample to sample, with, how¬ 
ever, all samples showing the same closeness of 
grading, whereas the relatively small size range 
data (0.1 < x < 80 /mi) imply a similar degree 
of fineness for all samples but a spread in their 
individual size reduction characteristics. 


Shear band permeability estimation 

Thickness determination 

As fault gouge induced by frictional slip of the 
Clashach specimens was removed for laser 
particle sizing, no quantitative estimation of 
shear band thickness could be made with any 
accuracy, so that, instead, two additional, identi¬ 
cal specimens (#23R and #24R) were subjected 
to the same stress paths, at initial confining 
pressures of 6.9 MPa (1000 psi) and 62.1 MPa 


(9000 psi) respectively, representing the mini¬ 
mum and maximum triaxial stress states imposed 
on the specimens in which permeability was 
measured. Specimens #23R and #24R (also satu¬ 
rated with Shell Tellus mineral oil under drained 
conditions with the downstream end open to 
atmosphere), following removal from the pres¬ 
sure vessel, were then washed in acetone to 
remove the oil pore fluid, dried and injected 
with a low-viscosity epoxy resin. Thin sections 
were prepared from these resin-impregnated 
specimens, so that the plane of the section was 
taken perpendicular to the strike of the induced 
fault plane. From such sections, the observation 
was made that specimen #23R, sheared at a rela¬ 
tively low normal stress magnitude, produced a 
relatively thick shear band compared with speci¬ 
men #24R, sheared under a seven times greater 
normal stress level. The thickness of the shear 
band granulated zone approximately perpendi¬ 
cular to the bounding wall rock was measured 
from thin section under 25 x magnification, at 
regular 0.2 mm intervals along the fault zone. 
This was achieved by drawing chords on a cap¬ 
tured video image of each thin section, utilizing 
an image processing and analysis program. 

Thin section photomicrographs of shear bands 
from specimens #23 R and #24R are shown in Fig. 
8a and b respectively. Mean shear band thickness 
for #23 R was measured at 1.00 mm with a popu¬ 
lation standard deviation of 0.31 mm. This shear 
band, displaced under conditions of low normal 
stress, exhibits relatively rough bounding wall- 
rock surfaces (reflected in the high thickness 
standard deviation) and shows numerous intact 
quartz grains ‘floating’ within the gouge zone of 
cataclastically comminuted debris, indicating 
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Fig. 8. Thin section photomicrographs of resin-impregnated shear bands: (a) specimen #23R mechanically 
strengthened under 13.8 MPa (2000psi); (b) specimen #24R mechanically strengthened under 68.9 MPa 
(lOOOOpsi). 
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Fig. 9. Shear band thickness/slip (e/6 s ) ratios versus resolved normal stress. 


that both grain-boundary sliding and intra-granu- 
lar fracturing contributed to the cataclastic defor¬ 
mation mechanism. Mean shear band thickness 
for #24R was measured at 0.31 mm with a popu¬ 
lation standard deviation of 0.13 mm; that is, at 
higher normal stress levels fault thickness has 
been suppressed to around one-third of that 
observed at low stress levels. The shear band 
formed within specimen #24R appears highly 
localized, with smooth, planar and sub-parallel 
wall-rock surfaces, bounding a gouge zone com¬ 
posed of highly comminuted grain fragments in 
which intra-granular cracking has exclusively 
dominated the cataclastic process. Such observa¬ 
tions are supported by those of Tullis & Yund 
(1992) on the effects of an increasing a 3 on the 
nature of faulting in feldspar (Bushveld anortho¬ 
site) aggregates. Tullis & Yund noted that at 
lower pressures the gouge zone was wider, which 
they attributed to its development from more irre¬ 
gular surfaces which break off more material as 
they slide, whilst at higher pressures the faults 
were sharp and smooth from the start, so that 
they could slide with less gouge development. 

In order to estimate the shear band thicknesses 
of Clashach specimens #15 to #22, from upper 
(specimen #23 R, low normal stress) and lower 
(specimen #24R, high normal stress) limiting 
thickness determinations derived from thin 
section measurements, (e/6 s ) values for #23R 
and #24R were plotted against the resolved 
normal stress magnitudes recorded for reshear¬ 
ing conditions under confining pressures of 
13.8 MPa (2000psi) and 68.9 MPa (lOOOOpsi) 


respectively (Fig. 9). The simplest case of a 
linear negative correlation between (e/S s ) and 
a n was assumed, so that laying off of the 
known cr n magnitudes for specimens #15 to #22 
yielded corresponding (e/6 s ) values from which 
thickness estimates could be derived by multiply¬ 
ing by the measured slip displacement. 


Fault sealing potential 

Thickness/slip ratios (e/S s ) can also be expressed 
in terms of shear strain, 7 = 6 s /e, and angular 
shear strain, T' = tan -1 7 . Tabulated values of 
shear and normal stress magnitudes for reshear¬ 
ing, slip displacements, estimated shear band 
thicknesses and resultant angular shear strains 
are presented in Table 3. Estimates of shear 
band permeability can thus be made by substi¬ 
tuting measured core plug permeability values, 
geometric constants and estimated thicknesses 
into Eqn 3. Only reshearing core permeabilities 
(D) are suitable for shear band permeability 
estimation, as the microstructures associated 
with thickness determination correspond to end 
frictional sliding conditions only. An indication 
of fault sealing potential which encompasses 
any initial between-sample variations due to 
microstructural dissimilarities between speci¬ 
mens, can be gained by normalizing each esti¬ 
mate of fault permeability #f au i t (D) by the 
permeability values measured under initial 
hydrostatic stress conditions # core (A). Shear 
band permeability estimates and fault sealing 
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Table 3. Stress, strain and permeability values for shear bands induced under triaxial compression 


Specimen 

I.D. 

T 

(MPa) 

(MPa) 

e 

O 

(mm) 

£ 

(mm) 

w 

O 

^core(^) 

(mD) 

&core(D) 

(mD) 

^fault(D) 

(mD) 

#fault (D) 
^corc (A) 
(%) 

#15 

18.6 

20.6 

20 

1.02 

1.18 

41 

720 

473 

2.49 

0.35 

#16 

55.9 

73.7 

30 

1.06 

0.81 

53 

828 

365 

2.16 

0.26 

#18 

75.8 

108.3 

35 

1.23 

0.62 

63 

903 

296 

1.27 

0.14 

#19 

53.1 

58.3 

30 

1.01 

0.88 

49 

982 

444 

2.50 

0.26 

#20 

95.9 

149.3 

40 

1.03 

0.21 

78 

1036 

235 

0.43 

0.04 

#21 

39.6 

46.0 

25 

0.92 

0.89 

46 

734 

415 

2.23 

0.30 

#22 

103.4 

155.6 

40 

1.56 

0.25 

81 

684 

234 

0.51 

0.08 


potentials (expressed as percentages of hydro¬ 
static permeabilities) are also given in Table 3 
for reshearing following mechanical fault 
strengthening. 

From Table 3 it is evident that percentage fault 
sealing potential ranges from 0.35% at low stress 
to 0.04% at high stress, representing a 2.5 to 3.5 
order of magnitude permeability reduction due 
to cataclasis alone (as the pore fluids were chemi¬ 
cally inert, both hydrolytic weakening and pres¬ 
sure solution are inferred to have been absent). 
Such magnitudes are in agreement with outcrop 
mini-permeameter measurements reported by 
Antonellini & Aydin (1994) on granulation 
seams in the Navajo and Entrada sandstones of 
the Arches National Park, Utah, where, on aver¬ 
age, a permeability three orders of magnitude 
less than the host rock was quantified. Antonel¬ 
lini & Aydin contended that the ‘intensity of 
cataclasis’ and the clay content controlled the 
amount of permeability reduction as measured 
perpendicular to the band; however, the nitrogen 
mini-permeameter method is conducted under 
zero-stress conditions so that extrapolation of 
measured magnitudes to reservoir conditions is 
necessarily tenuous. In contrast, the Clashach 
triaxial compression measurements, conducted 
under stress states associated with shear 
slippage, show an order of magnitude depen¬ 
dency on applied stress, as illustrated in Fig. 
10a where sealing potential, permeability 
£fauit(D)/& core (A)%, is plotted against normal 
stress resolved across the fault, giving a robust 
linear negative correlation. The effect of the 
main experimental variable, that of applied tri¬ 
axial stress state, is also evident in first-order 
control on both fault inclination and thus on 
slip displacement (axial closure being the 
experimentally controlled parameter) as well as 
on shear band thickness. Taken together, such 
trends in the magnitude of both 6 S and e 
result in a wide between-specimen variability in 
angular shear strain, 'P. Thus sealing potential 


£fauit(D)/fc core (A)% also shows a strong linear 
negative correlation with 'P, as illustrated in 
Fig. 10b. 


Discussion 

Degree of cat ac las tic intensity 

In Fig. 11, the ‘coefficient of variation’ ( a/x ) for 
both the 300 mm and 45 mm range lens data is 
plotted against (a) normal stress resolved across 
each shear band, cr n , and (b) the total angular 
shear strain, ’P, imposed on each shear band. 
Strong linear negative correlations are evident 
between (a/x) measured on the 45 mm range 
lens, and both variables cr n and \p. No such cor¬ 
relations were evident for the 300 mm range lens 
data. This correlation for (a/x) determined on 
particle size ranging from 80 tp 0.1 jam as 
opposed to the lack of correlation shown by 
(a/x) determined on particle size ranging from 
600 to 1.2 jam, may be attributed to the fact 
that the lower size range represents 100% cata- 
clastic products, whereas the larger size range 
includes both remnant intact grains as well as 
comminuted grains. 

It is evident that for the 45 mm range lens, 
(a/x) represents the inverse of‘cataclastic inten¬ 
sity’ (modal size x approximately constant, a 
decreasing with increasing rate of size reduction) 
so that the lower the value of the ratio (a/x), the 
greater the degree of comminution. Marone & 
Scholz (1989) investigated the comminution of 
simulated fault gouge (Ottawa sand with >99% 
quartz) under triaxial compression, between 
rough steel surfaces at 45° to the axis of a cylind¬ 
rical sample. They found that the fractal dimen¬ 
sion, D of the gouge increased from D = 1.6 with 
increasing shear strain to 4/ values of about 52° 
to 56°, then levelled off to an asymptotic value 
of D ~ 2.8 thereafter (the greater the magnitude 
of D , the greater the number of small fragments 
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Fig. 10. Sealing potential k fault {Y>)/k COIe (A)% versus: (a) resolved normal stress; (b) angular shear strain. 


relative to large fragments, therefore D varies 
inversely with n (Turcotte 1992, p. 22)). 
Mar one & Scholz’s observation of D increasing 
with increasing ^ supports the idea that in fact 
shear strain represents the primary control on 
comminution, as all their layer shearing was 
conducted at a constant effective normal stress 
of 100 MPa. However, Sammis et al. (1986) 
found that collected samples of natural fault 
gouge material from the San Andreas fault 


zone showed a linear decrease in mean particle 
size with increasing confining pressure (depth) 
which they attributed to a suppression of micro¬ 
fracture extension and subsequent decrease in the 
spacing of axial microfractures with increasing 
confinement, leading to smaller particles being 
produced from denser microfractures at higher 
pressure. Whilst, with regard to the Clashach 
tests, the relative influence of a variable normal 
stress on frictional comminution cannot be 
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Fig. 11. Cataclastic intensity versus: (a) resolved normal stress; (b) angular shear strain. 


separated from that of shear strain, the above- 
related studies tend to suggest that both variables 
will have a complementary, mutually additive, 
control on cataclastic intensity. 


Kozeny-Carman permeability model 

Whilst in the previous discussion, the intensity of 
fault gouge cataclasis has been quantified in 
terms of a ‘coefficient of variation’ (pt/x) deter¬ 
mined from laser particle sizing, the important 
question still remains as to what effect this 
intensity of cataclasis has, if any, on shear band 


permeability. In Fig. 12 percentage fault sealing, 
£fauit(D)/£core(A)%, is plotted against (a/x). 
From this highly correlated direct linear relation 
it is evident that shear band fluid flow potential 
increases with increasing (a/x), that is the 
lower the degree of cataclastic intensity, the less 
effective the shear band cataclastic seal. 

For the measurement of permeability and 
indirectly of the specific surface area of powder 
beds, Kozeny’s (1927) equation for the velocity 
of infiltration of a fluid percolating through 
porous packings of solid particles has advantages 
over Darcy’s law in that it analyses the perme¬ 
ability constant, k , in terms of its constituent 
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Fig. 12. Sealing potential k{ au[t (D) / k core (A)% versus cataclastic intensity. 


factors. The proportionality constant, k , which 
according to Darcy’s law is a specific property 
of the material and independent of the viscosity 
of the fluid and the pressure difference, is propor¬ 
tional to the shape and length of the pores, to a 
function of the porosity (that is, of the total 
amount of pores as a fraction of the total 
volume of the packing) and inversely propor¬ 
tional to the square of the specific surface area 
of the particles forming the walls of those 
pores. Assuming spherical particles, the expres¬ 
sion for permeability is written as: 


k = 


4 1 

4v (l - 4>f Si 


( 7 ) 


where c is an integer dependent only upon the 
shape of the cross-sectional area of the pores, 
(4// w ) is the ratio of the apparent straight line 
length to the real pore length, <fi is porosity and 
S v the specific surface area (surface area per 
volume of packing). This relation and its various 
equivalent forms are known as the Kozeny- 
Carman equation (see, for example, the discus¬ 
sion in Gueguen & Palciauskas (1994, pp. 126- 
133)). This relation between the permeability of 
a powder bed and the various parameters given 
in Eqn 7 can be used to gain insight into the 
empirically demonstrated dependence of esti¬ 
mated shear band permeability on the degree of 
fault gouge cataclasis. 


Marone & Scholz note that porosity reduction 
within granular materials can be accommodated 
through either an increase in packing (a better fit 
between particles and thus decreased void space) 
or by a change in particle size distribution (sort¬ 
ing). For less sorted material the range of particle 
sizes is larger, so that smaller particles can fit 
between larger ones, thus reducing pore space. 
From the laser particle sizing studies, the inten¬ 
sity of cataclasis of Clashach sandstone was 
found quantifiable through the ‘coefficient of 
variation’ parameter, ( a/x ) varying inversely 
with the degree of comminution. Whilst the 
absolute size constant, x, was found unchanging 
for all test specimens (porosity being indepen¬ 
dent of size anyway), the slope a was found to 
decrease systematically with increasing normal 
stress and angular shear strain, implying more 
rapid size reduction leading to ‘dustier’ powders 
with more dispersed size ranges. As distributions 
with greater size ranges possess ‘poorer’ sorting it 
is thus intuitive that porosity must be decreasing 
with increasing cataclastic intensity, changes in 
sorting occurring via particle size reduction and 
comminution. Thus the relationship of Fig. 12 
may well reflect the permeability versus porosity 
relationship of Eqn 7 with fluid flow potential 
increasing with improved sorting. Also, it is 
possible that increased normal stress across the 
shear band may have the added effect of increas¬ 
ing compaction within the gouge zone, hence 
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Fig. 13. Estimated shear band permeability fc fau i t (D) versus specific weight surface area. 


promoting grain packing over sorting as a 
mechanism for porosity reduction. 

In addition to porosity, other parameters in 
Eqn 7 may have substantial control on # fault . In 
Fig. 13, shear band permeability is plotted as a 
function of the specific weight surface area, S w 
(the surface area per unit mass of powder, 
equivalent to S v divided by the density of the 
single mineral phase). S w is calculated following 
a method outlined in Herdan (1960, p. 193). In 
this plot, a negative trend is evident as predicted 
by Eqn 7. In Fig. 14 a scanning electron photo¬ 
micrograph of fault gouge from Clashach 
specimen #22 is presented, to highlight the 
morphology of the frictional wear products. 
With individual particles exhibiting high angu¬ 
larity and complex shape, with indeed some frag¬ 
ments tending towards lathe-like forms, it is 
highly likely that tortuosity, defined as the ratio 
of real to apparent path length through which 
the fluid flows (/ w // s ), will also be increased 
through comminution, with an attendant inverse 
effect on fluid flow. Thus the control of ‘cata- 
clastic intensity’ on gouge permeability can be 
rationalized through consideration of the 
Kozeny-Carman relation. Shear band sealing 
potential increases with the degree of comminu¬ 
tion, due to the production of distributions 
with greater size range and thus poorer sorting, 
resulting in greater porosity reduction. This 
effect is accompanied by an attendant increase 
in specific surface area (surface area varying 
inversely with particle size) and possibly a rise 
in tortuosity. 


Laboratory to reservoir extrapolation 

The sealing capacity of small-scale faulting, com¬ 
monly well-developed in otherwise unimpaired, 
high porosity reservoir sandstone horizons, 
depends firstly on the petrophysical properties of 
the faults themselves, and secondly on their spatial 
distribution. In this study, the permeability 
characteristics of microfaults (shear bands) 
induced in core plugs of a clean, reservoir sand¬ 
stone analogue, have been measured in the 
laboratory under a range of triaxially compressive 
stress magnitudes. Pulse-decay (refined mineral 
oil) permeabilities were measured across the 
shear bands at confining pressures ranging 
from 13.8MPa to 68.9MPa (2000-10000psi) 
corresponding to depths of 0.6-3 km. Such 
experimental shear bands exhibited permeabilities 
of 2.5 to 3.5 orders of magnitude less than that of 
the host rock. This rock mechanical experimental 
programme thus complements other published 
single deformation band permeability estimates 
based on the gas injection mini-permeameter 
technique, for which the sample micro fault is 
unstressed, and arguably the internal diameter of 
the probe tip (typically 5 mm) results in a con¬ 
volved permeability estimate consisting of both 
wall rock and deformation band responses. 

Experimental shear bands exhibited an order 
of magnitude decrease in permeability with 
increasing applied stress, implying that micro¬ 
faults generated under near surface conditions 
in situ , would pose less of a barrier to hydro¬ 
carbon migration and entrapment than those 
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Fig. 14. Scanning electron photomicrograph of fault gouge retrieved from specimen #22. 


generated in the same host lithology at greater 
depth. Induced micro fault thickness and wall 
rock roughness were also observed to decrease 
with increasing applied stress magnitude, so 
that for a fairly uniform sliding displacement 
applied to all test specimens (1mm) imposed 
experimental conditions also imparted stress- 
dependency to angular shear strain across the 
microfaults (shear strain increasing with applied 
stress). 

The effectiveness of the experimental shear 
band seals in Clashach sandstone is attributed 
to the permeability characteristics of their fric¬ 
tional wear products (gouge). Dependency of 
this sealing potential on stress magnitude and 
shear strain, in turn reflects variation in internal 
gouge zone microstructure with these external 
boundary conditions. Empirically determined 
linear negative correlations between shear band 
permeability and the degree of dispersion of the 
non-indurated, disaggregated shear debris distri¬ 
butions (quantified using laser-sizing techniques) 
reflect increased shear band sealing with increas¬ 
ing ‘cataclastic intensity’. For Clashach sand¬ 
stone faulted under laboratory stress fields of 
magnitudes as quoted above, no permeability 
increase associated with particulate flow-induced 
dilatancy within the fault zone was recorded. 
Thin-section analysis shows that ‘cataclastic 
intensity’, progressively increasing with applied 
stress and gouge zone deformation, is micro- 
structurally manifest in terms of intra-granular 
fracturing (fine-grained cataclastic matrix) 


replacing grain-boundary sliding (intact grains) 
as the dominant deformation mechanism. Lack 
of correlation between permeability and the 
large particle-size distributions (600-1.2 mm 
range) which incorporate original, undeformed 
grain-sizes, suggests that permeability is pri¬ 
marily a function of comminuted cataclastic 
matrix sorting, as opposed to the quantity and 
distribution of relict grains remaining. Further 
work will attempt to similarly quantify ‘cataclas¬ 
tic intensity’ within natural, non-disaggregated 
(and therefore not conducive to laser-sizing) 
granulation seam gouge zones, utilising scanning 
electron microscopy and image analysis to 
determine particle-size distribution and 2D-por- 
osity, from which application of the Kozeny- 
Carman relation should enable permeability 
estimation. 

The rock mechanical experiments described 
here, demonstrate the sealing effects of arti¬ 
ficially-induced shear bands in core plugs from 
the Permo-Triassic Hopeman Sandstone, with, 
in this case, sealing resulting exclusively from 
cataclastic deformation alone. However, 
Edwards et aL (1993), from field studies of nat¬ 
ural deformation bands in the same Hopeman 
sandstone, observed that these tectonic features 
acted intermittently as both fluid conduits and 
barriers, with adjacent enhanced cementation 
testifying to the migration of diagenetic brines 
along fractures. The underlying processes of 
such diagenetic fault healing and sealing are 
presently poorly understood, partly because 
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they have been thought too slow to observe in the 
laboratory in a reasonable time frame. However, 
recent use of state-of-the-art fluid chemistry ana¬ 
lysis (high pressure liquid chromatography, 
Ngwenya et al. 1995) has demonstrated significant 
real-time permeability changes due to laboratory 
induced fluid-rock interactions (dissolution of 
feldspars, precipitation of iron oxide) during 
fluid flow under stress. Thus the potential exists 
for empirical quantification of reaction rates 
associated with diagenetic sealing of cataclastic 
fault gouge, where the large increase in surface 
area resulting from comminution provides a 
chemically reactive substrate for dissolution/ 
precipitation processes. 


Conclusions 

Transient pulse-decay liquid permeability mea¬ 
surements have been conducted on cylindrical 
specimens of Clashach sandstone faulted in 
shear under triaxially compressive stress states 
equivalent to overburden depths ranging from 
0.6 to 3 km. From such measurements, an 
approximate method of estimating shear band 
permeabilities is presented, based on the assump¬ 
tions of fault zone permeability being very much 
less than host matrix permeability, and a con¬ 
stant linear decrease in shear band thickness 
with normal stress across it. Fault sealing 
potential (defined as the ratio of shear band per¬ 
meability to matrix permeability measured at 
hydrostatic stress) ranges from 0.35 to 0.04%, 
representing a 2.5 to 3.5 order of magnitude 
permeability reduction. The effectiveness of cata¬ 
clastic seal shows an order of magnitude increase 
with increasing normal stress and angular shear 
strain imposed on the gouge zone 
A laser particle sizing technique was applied to 
the collected shear debris samples to assess char¬ 
acteristics of the gouge distributions down to 
0.1 /im particle size. The Rosin-Rammler expo¬ 
nential function was used to quantify ‘cataclastic 
intensity’ by defining the relative fineness and 
closeness of grading of the fault gouge distribu¬ 
tions via a ‘coefficient of variation’. Cataclastic 
intensity is seen to increase with increasing 
normal stress and angular shear strain, as indi¬ 
cated by strong linear negative correlations 
with the coefficient of variation. Fault seal 
potential is seen to increase with increasing 
coefficient of variation, indicating that the 
effectiveness of cataclastic sealing as a fluid 
baffle decreases as the degree of fault gouge com¬ 
minution decreases. This empirical relation 
demonstrated between fault seal and degree of 
cataclasis was rationalized through consideration 


of the Kozeny-Carman relation, which analyses 
permeability in terms of its constituent parameters 
of tortuosity, porosity and surface area. Cata¬ 
clastic intensity was characterized in terms of the 
relative breadth of the gouge distribution. Less 
permeable shear bands showed broader ranges 
of particle size and hence poorer sorting, thus 
fault sealing may reflect porosity reduction, with 
smaller fragments fitting between larger ones 
and thus reducing pore volume. Porosity reduc¬ 
tion is shown experimentally to be accompanied 
by increasing surface area, and an inferred 
increase in flow path, both of which also impair 
permeability. 

As well as aiding in the understanding of fault 
sealing by cataclasis, the ability to quantify com¬ 
minution products through laser particle sizing 
has great potential in the hydrocarbon industry, 
including study of the ‘crush’ characteristics of 
proppant used to wedge open hydraulic frac¬ 
tures, and the problem of sand production 
from producing wells, where local shear stresses 
have exceeded rock strength in the vicinity of 
the well-bore. 

Further work will focus on repeating the 
experimental method detailed here, but with the 
addition of finite pore pressures, to investigate 
the influence of effective stresses and degrees of 
overpressurization on cataclastic seal integrity 
and on fault gouge statistics. Reservoir simula¬ 
tion will continue to build stress-sensitivity into 
numerical modelling studies, so that the process 
of fault shear with attendant variation in sealing 
potential can be directly predicted from pressure 
transients resulting from production. 

This work was funded by the Petroleum Science and 
Technology Institute (UK) under Production Geo¬ 
sciences Project 719 studying The effects of combined 
changes in pore fluid chemistry and stress state on 
reservoir permeability’. The author is indebted to 
B.G.D. Smart for technical development of the permea- 
meter system, to D. McLaughlin for his assistance with 
the experimental programme, and to B.T. Ngwenya for 
provision of the SEM photomicrographs. 


Nomenclature 


b: 

= o/*r 

c\ 

Kozeny-Carman constant 

k: 

absolute permeability constant (see 
subscripts) 

(4/Av): 

ratio of apparent to real pore length 
(=inverse of tortuosity) 

n: 

Rosin-Rammler distribution constant 

x\ 

Rosin-Rammler absolute size constant 

x: 

particle size 

A: 

area (see subscripts) 
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C: system compressibility 

D : fractal dimension 

G : total weight of particles in sample 

L : core specimen length 

R : residual weight percent 

S: specific surface area (see subscripts) 

a: == arctan(ft) 

<S s : shear displacement 

e: shear band thickness 

7 ; shear strain = SJe 

cj)\ porosity 

p: fluid viscosity 

9: shear band inclination, fault a\ 

ai : maximum principal stress 

cr 3 : minimum principal stress 

a n : normal stress 

r: shear stress 

A/ a : axial specimen shortening 

A P: pressure drop (see subscripts) 

\l/: angular shear strain = arctan( 7 ) 

Subscripts: 

v: per unit volume 

w: per unit weight 

core: cylindrical specimen 

fault: shear band 
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Abstract: Spatial and size distribution data of fractures provide essential information in 
statistical bulk strain estimates and in predictive fracture scaling models for sediments 
which have undergone brittle deformation. Most fracture populations in naturally deformed 
sediments include structures which originated at different stages, and in response to different 
conditions during the deformation history of the rock. Hence, the final fracture population 
may contain fractures which genetically are related to gravitational (near-surface) insta¬ 
bilities, burial, uplift and unroofing, thermal expansion and contraction, and regional 
tectonism. Furthermore, grain size, bed thickness and different rheological properties may 
strongly influence the fracture style and frequency. 

Particularly when only well cores are available, identification of fractures of different 
genetic origin is difficult, and fracture classification and predictive modelling can only be 
accomplished with data acquired from careful fracture logging. In such logging, information 
on position of the well relative to major structures, the geometry of nearby faults, and the 
general geological (sedimentary and tectonic) environment need to be included. Also, frac¬ 
ture frequencies should be compared to, and normalized according to, lithology and bed 
thickness, and the fracture frequency diagrams should be corrected for eventual well 
deviation before predictive fracture frequency modelling is performed. 


Flow in hydrocarbon reservoirs is commonly 
influenced by fracture systems, which may either 
enhance (Narr & Currie 1982; Nelson 1981; Till¬ 
man 1983; Tillman & Barnes 1983; Watts 1983) 
or depress (Stearns & Friedman 1972; Dunn 
et al. 1973; Pittman 1981; Aydin & Johnson 
1983; Wilke et al. 1985; Gabrielsen & Koestler 
1987; Antonellini & Aydin 1994) permeability. 
This emphasizes the need to predict fracture fre¬ 
quencies and spatial distribution of fractures, 
and to evaluate permeability characteristics of 
fractures at all scales. The prediction of fracture 
frequencies is, however, hampered by several 
methodological and practical restrictions. Firstly, 
a scale problem exists in fracture studies of hydro¬ 
carbon reservoirs, where fracture analysis is 
frequently based primarily on reflection seismic 
data, wireline logs and cores. The problem 
occurs because little information is available on 
fractures at the scale between faults with throws 
above the resolution limit in reflection seismic 
data, which at the very best is in the order of 10 
to 20 m, and fractures mapped in cores which 
typically display offsets of centimetres and occa¬ 
sionally decimetres. Secondly, fracture popula¬ 
tions in naturally deformed sediments are 
generally inhomogeneous in the context that 
they include fractures that are not necessarily 
genetically related. The distribution of genetically 


different fracture sets in a fracture population is 
likely to be influenced to different degrees by 
parameters such as history of burial and uplift, 
bed thickness, fluid pressure, grain size and near¬ 
ness and position relative to major structures 
like faults and folds, implying that fractures 
produced in different settings and at different 
stages of the geological history of the deforming 
rock may appear with distinctly different fracture 
frequencies and spatial distributions. 

In a number of recent studies, valuable attempts 
have been made quantitatively to characterize 
fracture populations.These works have treated 
the relation between fault dimensions and fault 
displacement (Watterson 1986; Barnett et al 
1987; Walsh & Watterson 1987, 1988, 1989; 
Marrett & Allmendinger 1991; Cowie & Scholz 
1992a, b ; Gillespie et al 1992; Jackson & Sander¬ 
son 1992), and between fracture frequencies and 
bulk strain (Childs et al 1990; Walsh et al. 1991; 
Scholz & Cowie 1990). Hopefully, such studies 
will provide tools which will help to make correct 
predictions of fracture distribution and con¬ 
nectivity in the future, but to obtain this, high 
quality fracture databases must be available. 

It is the scope of the present paper to focus on 
the quality of fracture data bases used in future 
studies, and to propose criteria which should be 
applied in acquiring such data. Hence, we try 
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to characterize fracture systems of different 
genesis, and then to evaluate some general 
parameters that are of importance in fracture 
development. 


The inhomogeneity of natural fracture 
populations 

The idea that individual fractures grow regularly 
and concentrically from a point of nucleation by 
stable or simple incremental processes (Walsh & 
Watterson 1989), and that fracture swarms and 
faults develop from single fractures into larger 
composite structures and networks with 
increasing deformation (Aydin 1978; Aydin & 
Johnson 1978; Gabrielsen & Koestler 1987) is 
intuitively feasible. Detailed strain analyses of 
single structures, however, suggest that these 
relations may be more complicated for single 
fractures as well as for complete fracture 
systems, and that they are influenced to a con¬ 
siderable extent by deformation mechanisms 
and physical characteristics of the individual 
fracture (Gillespie et al 1992; Wojtal 1994; 
Burgmann et al 1994). 

Westaway (1994) suggested that although self¬ 
similarity in size distribution of fault popula¬ 
tions is not essential for the result of strain esti¬ 
mates, and that several methods for sampling 
may be successful, such estimates are sensitive 
to the actual numerical relation between the 
fracture sub-populations. Also Wojtal (1994), 
studying contractional faults, demonstrated 
that mixing of faults of different scales and dif¬ 
ferent genesis or path of development may 
result in faceted plots, which in turn suggests 
that the fault population is basically multifractal 
or pseudofractal. This will be the case if popula¬ 
tions of ‘bounded’ faults (‘large’ faults that 
delineate larger structures such as fault blocks 
or duplexes) and ‘unbounded’ faults (‘small’ 
faults within larger structures) are mixed in the 
analysis. Hence, in fracture analysis and in 
the application of scaled fracture frequencies in 
bulk strain estimates, the identification of the 
hierarchical status of the fault, as well as the 
processes of deformation associated with each 
fracture set, is essential. To obtain meaningful 
fracture statistics, it is important to acknowl¬ 
edge the effects of such properties as grain 
size, bed thickness and different rheological 
characteristics associated with changing litholo¬ 
gies and diagenesis. In the study of cores, struc¬ 
tures associated with drilling and core handling 
also need to be identified and corrected for 
(Kulander et al 1990). 


Description of natural fracture populations 

The term ‘fracture’ is frequently used in a casual 
manner, and particular nomenclature problems 
are related to the scale of such features; the dis¬ 
tinction between joints and faults is closely 
linked to the scale at which such features are 
studied (e.g. Ramsay & Huber 1987, p. 505). In 
our opinion, this problem sometimes influences 
the exactness in descriptions of fractures, and 
this is of particular importance in studies which 
include classification and statistical handling of 
fracture sets. 

To avoid exclusion of certain fracture types, 
we propose to include all planar or subplanar 
secondary inhomogeneities (in a rock) imposed 
by outer or inner stresses in the definition of 
fractures (Gabrielsen & Aarland 1995). This defi¬ 
nition generally follows that of Bates & Jackson 
(1987) and Nystuen (1989), and includes all 
types of mode I fractures such as joints and 
open and mineral-filled fissures (veins), mode II 
(shear) fractures and mode III (hybrid) fractures 
(in the therminology of Hancock (1985)). We 
particularly emphasize that ‘deformation bands’ 
(Aydin 1978; Aydin & Johnson 1978), which in 
early stages of development are identified only 
as zones of reduced porosity, are included in 
this definition. The term ‘deformation band’ is 
synonymous to granulation seam (Heald 1956), 
shear fracture (Dunn et al 1973) and band 
fault (Cruikshank et al 1991). 

To obtain a good base for analysis of fracture 
populations, it is necessary to categorize frac¬ 
tures according to their genesis, in order to 
prevent mixing of fracture populations in statisti¬ 
cal modelling. Fractures related to burial and 
uplift/unroofing respond to the stresses defined 
by the reference state and the thermal expansion 
and contraction (Engelder 1993). Tectonic frac¬ 
tures, on the other hand, may be subdivided 
into fractures related to ‘contemporary tectonic 
stress’, which is defined on a plate-wide scale, 
and which is presumably related to plate 
margin interactions (Sbar & Sykes 1973), and 
‘local tectonic stress’, which can be ascribed to 
local topographic effects or stress fluctuations 
due to inhomogeneities associated with, for 
example, fault plane geometries. Residual 
stresses may contribute to both tectonic- and 
burial-related fracturing, but is assumed to be 
of minor practical significance in fracture log¬ 
ging. 

The identification of small-scale fractures 
related to these principal deformation types is 
not trivial, since characteristics such as morphol¬ 
ogy and texture may be similar for fractures that 
have been initiated and developed under different 
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geological conditions. Therefore, the total geo¬ 
logical environment of the fracture population 
needs to be taken into consideration in fracture 
analysis. To do this, however, one needs to char¬ 
acterize the fracture populations, which occur in 
different types of deformation environments, in 
general terms. 

In the following discussion, we distinguish 
between the different environments of fracturing, 
namely those associated with burial and unroof¬ 
ing, soft-sedimentary gravitational surface (topo¬ 
graphic) instabilities, and contemporary primary 
and secondary stresses. 

Fractures related to burial and unroofing 
Fractures associated with loading and volume 
reduction may be initiated at very shallow 
levels in the subsurface (a few tens of metres; 
(Maltman 1988)), and continue to develop 
throughout the burial history of the sediment 
(Fig. 1). Also agents other than sediment loading 
(e.g. ice) can contribute to their initiation. 


Fracture regimes for sediments 




Mode I 


FJCKTJpL 

:::::: 


Mode II 

Mode II (+Mode I) 


Fig. 1 . Schematic relation and relative importance of 
fractures generated during burial/uplift/unroofing and 
tectonic deformation. Symbols indicate dominant 
fracture mode. 


According to some authors, fracture popula¬ 
tions generated by compaction and decompaction 
are dominated by tensile (mode I) fractures. 
Engelder (1985) used the Voight & St.Pierre 
(1974) relation, which defines the influence of 
rock mechanical properties and the thermal effect 
on the state of stress at depth in the uniaxial refer¬ 
ence state, to substantiate that sediments that have 
undergone burial and lithification may reach 
tensile stresses which are larger than the tensile 
strength of the rock during unroofing. The practi¬ 
cal implication of this is shown in Fig. 2, which sug¬ 
gests that, for example, a sandstone may undergo 
tensile fracturing at a level where a shale remains 
undeformed during erosion and uplift. Diagenetic 
processes and fluid pressure contribute continu¬ 
ously to change the rheological properties of the 
sediments, and hence may promote fracturing 
during burial and eventual erosion and upheaval. 

However, mode II fractures generated through 
vertical loading are also frequently reported in 
unconsolidated and poorly consolidated sedi¬ 
ments, and are indeed reproduced in sand box 
experiments (e.g. Mandl et ah 1977). The shear 
strength of an unconsolidated to poorly con¬ 
solidated sediment may vary from a few kilopas- 
cals to some megapascals (Maltman 1994). 
Differential stresses of this magnitude are obtained 
near the surface, and development of shear frac¬ 
tures may continue during burial, eventually pro¬ 
moted by enhanced fluid pressures. In fact, all 
fracture populations in hydrocarbon wells in the 
Norwegian continental shelf logged by us are 
dominated by mode II fractures, and layers with 
a substantial number of mode I fractures are 
found only rarely. In outcrop studies (e.g. Mon¬ 
tserrat Fan-Delta northeast Spain (Alsaker et al . 
1996) and Mesaverde Group, Utah (Alsaker 
unpublished data 1995)), mode I fractures consti¬ 
tute a much larger part of the fracture populations. 
This is generally in accordance with observations 
in basins which have been buried, but which are 
presently exposed at the surface (Engelder 1993, 
p. 56), and can most easily be explained by stress 
release during unroofing. 

It should of course also be expected that differ¬ 
ent tectonic histories and contrasting maximum 
depths of burial of the investigated basins influ¬ 
ence fracture frequencies and relation between 
the fracture modes. Also, the sampling procedures 
may contribute to the differences (most investi¬ 
gated wells are vertical, implying that cores are 
cut parallel to the vertical fractures, which accord¬ 
ingly may be strongly under-representated in the 
fracture logs). 

Fracture logging of siliciclastic sediments in 
cores is most frequently performed in hydrocarbon 
reservoirs which may constitute siltstone- and 
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Fig. 2. Stress versus depth for sandstone and shale during burial and uplift. Lithification occurs at maximum depth 
of burial. Note that the sandstone enters the area of tensile fracturing before the shale during upheaval. From 
Engelder (1985). 


sandstone-dominated intervals up to a few hun¬ 
dred metres thick, presently buried at depths 
between c. 100 and 3000-4000 m. In vertical sedi¬ 
ment intervals of, say, 400 m thickness buried at 
depths of 1000-1400 m, changes in differential 
stress between the upper and lower part of the 
sequence will typically be in excess of 10 MPa, 
and such stress differences may, given that all 
other parameters (rheological properties, fluid 
pressure, bed thickness etc.) are constant, be suffi¬ 
cient to explain contrasting fracture frequencies. 

Fracture frequency studies in a 350 m thick 
interval in the Njord Field of mid-Norway 
(between 2750 and 3100 m below present sea¬ 
bed), and in two intervals of 250 and 150 m in 
the Oseberg Field in the northern North Sea, 
where all sequences are dominated by siltstones 
and sandstones interbedded with mudstones, 
show no simple relationship between fracture 
frequency and present depth of burial (Fig. 3). 
This is in concert with similar results from hom¬ 
ogeneous and competent rocks (Haimson & Doe 
1983), suggesting that the effect of changes in 
differential stress in intervals of such magnitudes 
is almost completely overruled by other param¬ 
eters (fluid pressure and lithology). Surprisingly, 
however, no correlation between fracture 
frequency and overpressured intervals was 
found in wells studied in the Njord Field in the 
mid-Norwegian shelf (Pedersen 1992). 

In a subsiding, extensional basin where 
principal horizontal stresses (cr H and <r h ) are sig¬ 
nificantly different (<j h > <j h ) and smaller than 
the loading stress (i.e. <r v — pgz — cq), fractures 
related to compaction and decompaction would 
have predictable orientation and geometry. It is 
also to be expected that fractures related to com¬ 
paction are more evenly distributed throughout 


the deforming sediment (Gabrielsen & Koestler 
1987), and that the two conjugate sets of mode 
II fractures would be planar structures with a 
dip angle of 60°. Experiments (Mandl et al. 
1977; Bjornevoll & Gabrielsen, unpublished) 
and field observations (Aydin & Johnson 1978; 
1983; Gabrielsen & Koestler 1987) suggest that 
the fractures would be recognized as deformation 
bands with the characteristics of the early stages 
of deformation, i.e. grain compaction and por¬ 
osity reduction (Gabrielsen et al. 1993) (Fig. 4). 
In fine- and medium-grained rocks, this type of 
fracture has a high potential of preservation 
(Maltman 1988). Unfortunately, however, such 
textures are not diagnostic for compactional 
fractures, because tectonic deformation bands 
possess similar textures and orientation. Perhaps 
the best criterion to distinguish compactional 
fractures is by their spatial distribution. 

Water-escape fractures may be seen as a type 
of compactional fracture which was active 
during the early stages of burial. In siltstones 
and sandstones these are typically high-angle, 
planar structures, usually a few millimetres 
wide. They are often associated with symmetrical 
upward- or downward-pointing drag (Fig. 5). 
Outside the zones affected by drag, there is 
commonly no relative offset of strata (Burbridge 
et al. 1988). Water-escape fractures may further 
be subdivided into two classes (Gabrielsen & 
Aarland 1990): fractures (joints) through which 
water has escaped (Lowe 1975; Cheel & Rust 
1986; Guiraud & Seguret 1987), and fractures 
(faults) associated with collapse due to volume 
loss associated with water escape (Burbridge 
et al. 1988; de Lange et al. 1988). The deforma- 
tional style associated with water escape may 
vary considerably with lithology, from single 
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fractures in sandstones to fragmentation in shales. 
Texturally, water-escape fractures in fine- to 
coarse-grained siliciclastic sediments are charac¬ 
terized by lamination parallel to the fracture 
walls, laminae being defined by clay particles 
and other tabular mineral grains (Maltman 
1988). Internal wall-parallel laminar elutriation 
of mineral grains may occur (Lowe 1975; Bur- 
bridge et al 1988), and there are indications that 
packing of grains takes place in this process. The 
textures may depend upon degree of water satura¬ 
tion in the sediment, grading from hydroplastic 
through liquefaction to fluidization, the latter 
representing the highest degree of grain sorting. 

In conclusion, fractures related to water escape 
in sandstones and siltstones are most commonly 
strata-bound, and are usually associated with 
other structures related to liquefaction. Hence, 
they are generally easily identified on the scale of 
a well core where they happen to be more abun¬ 
dant. Consequently, water-escape fractures con¬ 
tribute significantly to fracture frequency only on 
the local scale, and are accordingly not believed 
to represent a great problem in the study of scaling 
relationships of fracture populations in sandstones 
and siltstones. In mudstones and shales, however, 
the problems may be significant (Guiraud & 
Seguret 1987; Petit & Laville 1987). 

Tectonic fractures 

Tectonic fractures may affect the entire crust and 
may be generated near surface as well as in rocks 
at a deep level of burial (Fig. 1). In many pub¬ 
lished studies, tectonic fractures are implicitly 
considered to dominate natural fracture popula¬ 
tions. Under moderate stresses, morphologies 
and texture of the fracture fill of tectonic frac¬ 
tures probably have characteristics that are 
similar to those of compaction fractures, and 
distinguishing between the two types may be dif¬ 
ficult. However, the textures related to tectonic 
fractures will frequently reflect strains that 
exceed those of consolidation fractures. Tectonic 
fractures have been given thoroughly described 
in the literature (see Hancock 1985; Groshong 
1988; Antonellini et al. 1994). 

Tectonic fractures may basically be considered 
to be responses to first-order plate stresses (con¬ 
temporaneous tectonic stresses), or secondary 
derivatives or effects of such stresses (Fig. 1). 
Thus, the second-order tectonic fractures include 
those associated with gravitational (surface) 
instabilities and locally deflected stresses in, for 
example, in the vicinity pre-existing faults, rock 
borders, along geometrical irregularities in fault 
planes etc. 

Faults related to soft-sedimentary gravitational 
surface instabilities may reach large dimensions, 


for example in the form of synsedimentary 
faults or growth faults, slumps and slides 
(Hardin & Hardin 1961; Rider 1978; Crans 
et al. 1980; Stow 1986). These structures are 
related to surface slope, intrinsic instabilities 
such as inverse gravitational contrasts, or tilted 
contact surfaces between layers with contrasting 
shear strength or fluid pressure (Cloos 1968; 
Bruce 1973; Mandl 1988, pp. 28-29). It is 
frequently assumed that tectonic tilting or 
seismicity may contribute to destabilization 
causing softsedimentary faulting. Local stresses 
easily exceed the shear strength of sand and 
other unconsolidated or poorly consolidated 
sediments in such circumstances, and may 
result in the development of discrete shear 
zones. Such shear zones may not be readily dis¬ 
tinguishable from shear zones generated during 
regional-scale tectonic deformation in the field, 
since morphological and textural characteristics 
of fractures may not be diagnostically different 
(Petit & Laville 1987). However, enrichment of 
clay minerals (Sverdrup & Bjorlykke 1992) and 
the association with fluidization processes 
(Owen 1987) may help to identify fractures 
generated in soft-sedimentary, gravity-induced 
deformation. In general, however, fractures 
associated with soft-sedimentary gravitative 
features may sometimes only be identified as 
such by their overall geometry and the geological 
environment in which they occur. 

Fracture frequency and spatial distribution are 
not commonly reported in the literature for soft- 
sedimentary gravitational faults, but field studies 
of slides in fluviodeltaic sediments (Sverdrup 
& Bjorlykke 1992), in marine sediments (Farrell 
& Eaton 1988) and in accretionary prisms 
(Behrmann et al 1988) have indicated that frac¬ 
tures related to soft-sediment gravity-driven, 
near-surface deformation may be abundant, 
and that they locally may develop frequencies 
comparable to that of regional (contemporary) 
or local second-order tectonic deformation 
(Ord et al 1988; Martinsen & Bakken 1990). It 
is therefore suggested that fracture systems 
associated with soft-sedimentary gravitational 
instabilities may contribute significantly to the 
bulk fracture strain in fracture populations in 
sedimentary rocks, and even dominate such 
populations on the local scale. However, soft- 
sedimentary gravitational instabilities may be 
strictly local phenomena, where the strain (e.g. 
extensional faulting in the upper extensional lis- 
tric fan of a slump) can be compensated for in 
the outcropping (compressional) toe-zone. 

It is anticipated that fractures generated by 
near-surface gravity-induced deformation poten¬ 
tially represent a source of error in scaling 
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Fig. 3. Depth versus fracture frequency in wells from two Norwegian hydrocarbon fields (Njord (N) and Oseberg 
(O) fields). 
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Fig. 3. Continued 


relationship studies if one fails to identify such 
features. Since gravity-induced sliding is not 
uncommon in the Norwegian shelf at different 
stratigraphic levels (Gabrielsen & Robinson 
1984; Alhilali & Damuth 1987), it may be 
expected that fractures associated with gravity- 
induced near-surface sliding locally may contri¬ 
bute significantly to the total fracture frequencies 
obtained from core logging in this area. 

We consider the major faults (those which are 
above the limit of resolution in reflection seismic 
data) and those fractures which have first-order 


relations to the major faults, to be related to 
the contemporary (regional) and the secondary 
(local) stressfield. Where cr h and cr H were signifi¬ 
cantly different during deformation, such struc¬ 
tures are characterized by predictable fracture 
orientations and relations. In most extensional 
systems investigated by us, fault populations 
are characterized by relatively uniform fracture 
frequencies within each fault block, with the 
fracture frequency increasing both in the hang- 
ingwall and the footwall in the proximity of 
major faults. In our studies, the width of the 




Fig. 4. Schematic zonal symmetric texture in ‘complete’ deformation band in sandstone. UD: sandstone unaffected 
by deformation. Zone 1: grain compaction. Zone 2: grain-size reduction and grain reorientation. Zone 3: 
mineralized central zone. CJ: central joint. Grain compaction in full width of the deformation band usually occurs 
before grain-size reduction. After Gabrielsen & Aarland (1990). 



Fig. 5. Fractures associated with water escape. After 
Burbridge et al (1988). 


zones with enhanced fracture frequencies (‘the 
damage zone’) in the hangingwalls and footwalls 
of extensional faults with vertical throws in the 
order of some tens of metres, is frequently 
recorded to be less than 20-30 m (Fig. 6). This 
is in general accordance with several previous 
studies (Jamison & Stearns 1982; Chester & 
Logan 1986), although the width of the damage 
zone is reported to vary (Beach et al. 1995). It 
is also evident that strain, and hence fractures, 
is commonly concentrated in hangingwalls 
adjacent to irregularities such as flats or splays, 
so that abnormally wide damage zones can be 
expected at such sites (see Fig. 8) (Koestler & 
Ehrmann 1991; Aarland & Skjerven 1998). 

The present data may seem to confirm the gen¬ 
eral model for growth of fractures (deformation 
bands) in siliciclastic sediments from single frac¬ 
tures, widening into zones of deformation bands 
as described by Aydin & Johnson (1978). This 
may be in general agreement with the model of 
Walsh & Watterson (1988, 1989) which predicts 
that shear fractures grow concentrically from a 
point of nucleation into a surface with elliptic 
circumference. It is noted, however, that in 
plaster and sand analogue models faults are 
frequently seen to nucleate at the surface or at 
the contact between the deforming ‘sediment’ 
and basement (Fossen & Gabrielsen 1995). The 
development of single deformation bands into 
deformation zones also suggests that strain 
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Fig. 6. Fracture distribution in hangingwalls and footwalls of extensional faults. Examples from Price Canyon, SE Utah: Castlegate Formation (Mesaverde Group). 
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hardening plays an important part in the devel¬ 
opment of shear fractures in porous siliciclastic 
sediments. It may also be questioned whether 
there is an upper limit for such mechanisms to 
prevail in the development of larger faults. 


The influence of bed thickness, grain size and 
lithology on fracture frequency 

It is well-established that bed thickness affects 
joint spacing (mode I fractures) in sediments 
(Harris et al. 1960; Price 1966; Hobbs 1967), 
and both linear (Price 1966; Narr & Suppe 
1991) and non-linear (Ladeira & Price 1981) 
relationships have been proposed. Based on plas¬ 
ter experiments, Mandal et al. (1994) arrived at a 
non-linear relationship, and suggested that this 
relation is also valid for mode II and mode III 
fractures. 

Lithology and grain size rule rock strength, and 
accordingly strongly influence fracturing. Based 
on fracture mapping in fine- and medium-grained 
sandstones of the Oseberg and Njord Fields in the 
Norwegian shelf, Gabrielsen et al. (1993) reported 
enhanced fracture frequencies in fine- to medium¬ 
grained sandstones as compared to siltstones and 
coarse-grained sandstones. In some cases, the 
number of fractures was enhanced by a factor 
of five in the fine-grained sequences. Figure 7 
shows an example from two small, oblique faults 
in sandstones of the late Cretaceous Mesaverde 
Group in Utah. In this example, fracture frequen¬ 
cies have been recorded over a distance of 
approximately 60 m in sandy sequences with dif¬ 
ferent thicknesses and grain size. Fracture fre¬ 
quencies in all the units increase in the vicinity 
of the faults, but the thinner layer with fine¬ 
grained sandstones displays an average fracture 
frequency enhanced by a factor of approximately 
2.6 compared to that of medium-grained sand¬ 
stones of twice the thickness, and a factor of 
four compared to coarse-grained sandstones five 
times its thickness. 

It is also noted that tectonic and compac- 
tional fractures in mudstones and shales both 
in the field and in well cores, represent a particu¬ 
lar problem since intense deformation or volume 
reduction caused by compaction and water 
escape in such lithologies frequently generate 
rubble zones, which completely prevent the 
evaluation of fracture frequency. This problem 
is exaggerated by the difficulty in separating 
tectonic fractures, particularly in cores, from 
those associated with volume reduction and 
water escape in the most fine-grained sediments 
(Petit & Laville 1987; Guiraud & Seguret 1987). 


Some practical consequences of dealing with 
complex fracture data sets 

By use of established (Mohr-Coulomb and 
Griffith) fracture criteria in combination with 
stress-depth-strength relations and statistical 
approaches in scaling relationships, structural 
geologists possess powerful tools for the predic¬ 
tion of fracture distribution in reservoirs. Still, 
a question may be posed as to whether the frac¬ 
ture sub-populations which are defined at differ¬ 
ent scales, and which make up the total fracture 
population, need to be genetically related to 
obey the mathematical relations described in 
the literature. If so, this demands that fracture 
populations applied in predictive studies of 
scaling relationships need to be genetically 
homogeneous. This puts strict constraints on 
sampling procedures. Previous and present data 
strongly suggest that fracture populations in 
siliciclastic sediments are, by nature, inhom¬ 
ogeneous in the context that they are commonly 
composed of several sub-populations of different 
genetic origin. Unfortunately, morphologies and 
textures of these structures are such that both on 
the meso-scale and on the micro-scale, the differ¬ 
ent genetic populations may be identified only 
after careful investigation. 

Therefore, procedures for acquisition of 
fracture data need to be carefully designed, 
with particular emphasis on the identification of 
fracture sub-populations during field mapping or 
core analysis. For fractures in rocks exposed at 
the surface, the potential for studying structures 
in three dimensions may, to a large extent, 
secure the recognition of fracture sub-popula¬ 
tions, and frequently provides the possibility of 
finding criteria for determining the genesis of 
individual fractures as well as for fracture sets. 

For fractures studied in drill-cores, less infor¬ 
mation is usually available on the genesis of frac¬ 
ture sub-populations, and a total analysis of the 
fracture population and its tectonic and sedimen¬ 
tary environment should be performed before 
fracture data are mixed with data from elsewhere 
in statistical analysis.The problems with fracture 
modelling in, for instance, wells in the Norwegian 
continental shelf, are further increased because at 
the present stage of exploration, wells drilled at 
the crests of rotated fault blocks are over¬ 
represented in the available data.This implies 
that the data are recorded in a position where 
footwall collapse is frequent, so that the fracture 
frequency may be anomalously high. 

Furthermore, deviation of the well path and 
the dip angle of the fractures in the drilled unit 
influence fracture statistics in wells. Such effects 
can be corrected for relatively easily (Sikorsky 
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Fig. 1. Fracture frequencies associated with two small, oblique faults from the Late Cretaceous Mesaverde Group, 
Utah. Fracture frequencies have been recorded over a distance of approximately 60 metres in sandy sequences with 
different thicknesses and grain size. 
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C Fracture frequency 


A Fracture frequency 


B Fracture frequency 


Fig. 8. Schematic representation of shifting fracture distribution in rotated fault blocks, (a). (1) Gravity slide; 
(2) and (3) sandstone units with different thicknesses; (4) zone of enhanced strain associated with ramp-flat-ramp 
fault; (5) fault with synthetic accommodation faults, (b). Schematic fracture distribution diagrams from vertical 
wells A and B, and from sections C-C', D-D' and E-E'. 
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1991; Versteeg & Morris 1994), but such correc¬ 
tions do not seem to be frequently reported in 
published fracture studies where such data are 
applied. 

Figure 8 shows schematically some complex¬ 
ities of fracture distribution which can be expected 
in an area affected by gravity-driven soft-sedimen¬ 
tary faulting, compaction and tectonic extension. 
Owing to differences in the fault geometries, frac¬ 
ture logging in two wells crossing the master faults 
(sections A and B) would give different fracture 
frequency-depth curves. In section A a minor 
synthetic fault which is traversed in the hanging- 
wall of the master fault gives two fracture 
frequency maxima. Section B traverses a gravity 
slide in its upper part and a high-strain area asso¬ 
ciated with a flat in the master fault. The flat has 
also caused the development of accommodation 
faults in the hangingwall and in the footwall. In 
both these sections, it is reasonable to assume 
that the tectonic fractures completely overrule 
the compactional fractures which are particularly 
frequent in layer 3. 

If these structures were exposed on land, it 
may be assumed that fracture mapping in arbi¬ 
trary sections C-C' and D-D' would give results 
which are significantly different from those 
obtained from the well logs in sections A and 
B, because fractures associated with compaction 
of layer 3 would represent a significant fracture 
sub-population in section D-D' (Fig. 8). 

To obtain the best possible database for 
statistical fracture studies, we therefore suggest 
that the following steps should be followed in 
fracture mapping of cores. 

(1) The position of the well relative to major 
structures, the geometry of near-by faults, 
and the general geological (sedimentary 
and tectonic) environment needs to be 
known. This implies that careful analysis 
of reflection seismic data should be per¬ 
formed. 

(2) Fractures should not be recorded in the 
fracture logs without classification of frac¬ 
ture mode and assumed genesis. 

(3) Fracture frequencies should be compared 
to lithology and bed thickness. 

(4) Fracture frequency diagrams should be 
corrected for eventual well deviation and 
fracture orientation relative to well axis. 

(5) Core handling should follow standard 
procedures, and it is an advantage if 
fracture logging is performed both prior to 
and after slabbing of the core. 

The authors would like to thank Norsk Hydro a.s. for 
permission to use data from wells in the Norwegian 


continental shelf, and John Korstgard and M. Ridvan 
Karpuz for constructive comments on an early version 
of the manuscript. The detailed and constructive 
criticism from the referees, C. P. North and Juan 
Watterson, is much appreciated. 

Thanks also to Jane Ellingsen, Geological Institute, 
University of Bergen, who drafted Figs 4 and 8, and 
Tore Odinsen who helped with mastering computer 
drafting. 

The work was supported by dr.scient grants from 
Norsk Hydro a.s. (R.-K. Aarland) and the Norwegian 
Council of Science (Einar Alsaker). 


References 

Aarland, R.-K. & Skjerven, J. 1998. Fault and fracture 
characteristics of a major fault zone in the northern 
North Sea: analysis of 30 seismic and oriented cores 
in the Brage Field (Block 31/4). This volume 

Alhilali, K. A. & Damuth, J. E. 1987. Slide block (?) of 
Jurassic sandstone and submarine channels in the 
basal Upper Cretaceous of the Viking Graben, 
Norwegian North Sea. Marine and Petroleum 
Geology , 4, 35-48. 

Alsaker, A. et al. 1996. The significance of the fracture 
pattern of the Palaeocene - early Miocene Mon¬ 
tserrat Fan-Delta, Catalan Coastal Range (NE 
Spain), Tectonophysics, 226, 465-491. 

Antonellint, M. & Aydin, A. 1994. Effect of faulting 
on fluid flow in porous sandstones, petrophysical 
properties. AAPG Bulletin , 78, 355-377. 

- ■ — . ,- & Pollard, D., D. 1994. Microstructure of 

deformation bands in porous sandstones at Arches 
National Park, Utah. Journal of Structural Geol¬ 
ogy, 16,941-959. 

Aydin, A. 1978. Small faults formed as deformation 
bands in sandstone. Pure and Applied Geophysics , 
116,913-913. 

-& Johnson, A. M. 1978. Development of faults as 

zones of deformation bands and slip surfaces in 
sandstone. Pure and Applied Geophysics , 116, 
931-942. 

- & -1983. Analysis of faulting in porous 

sandstones. Journal of Structural Geology, 5 19-31. 

Barnett, J. A. M., Mortimer, J., Rippon, J. H., Walsh, 
J. J. & Watterson, J. 1987. Displacement geome¬ 
try in the volume containing a single normal 
fault. AAPG Bulletin , 71, 925-937. 

Bates, R. L. & Jackson, J. A. 1987. Glossary of Geology . 
American Geological Institute, Virginia. 

Beach, A., Brockbank, P., Brown, L., Knott, S., 
McCullum, J. & Welborn, A. 1995. Structural 
characterisation of sandstone reservoirs-outcrop 
analogues for subsurface fault predictions, 
(abstract). Structural Geology in Reservoir Charac¬ 
terisation and Field Development. Imperial College, 
London, 1995, 6-7. 

Behrmann, J. H., Brown, K., Moore, J. C., et al 1988. 
Evolution of structures and fabrics in the Barbados 
Accretionary Prism. Insights from Keg 110 of the 
Ocean Drilling Program. Journal of Structural 
Geology , 10, 577-592. 




62 


R. H. GABRIELSEN ET AL. 


Bruce, C. H. 1973. Pressured shale and related sedi¬ 
ment deformation, mechanism for development 
of regional contemporaneous faults. AAPG 
Bulletin , 57, 878-886. 

Burbridge, G. H., French, H. M. & Rust, B. R. 1988. 
Water escape structures resembling ice-wedge casts 
in Late Quaternary subaqeuous outwash near 
St.Lazare, Quebec, Canada. Boreas , 17, 33-40. 

Burgmann, R., Pollard, D. D. & Martel, S. J. 1994. 
Slip distribution on faults, effects of stress gradi¬ 
ents, inelastic deformation, heterogeneous host- 
rock stiffness, and fault interaction. Journal of 
Structural Geology, 16,1675-1690. 

Cheel, R. J. & Rust, B. R. 1986. A sequence of soft- 
sediment deformation (dewatering) structures in 
the late Late Quaternary subaqeuous outwash near 
Ottawa, Canada. Sedimentary Geology, 47, 77-93. 

Chester, F. M. & Logan, J. M. 1986. Implications for 
mechanical properties of brittle faults from obser¬ 
vations of the Punchbowl fault zone, California. 
Pure and Applied Geophysics , 124, 79-106. 

Childs, C., Walsh, J. J. & Watterson, J. 1990. A 
method for elimination of the density of fault dis¬ 
placements below the limits of seismic resolution 
in reservoir formations. In: Buller, A. (ed.) North 
Sea Oil and Gas Reservoirs - II. Norwegian Petro¬ 
leum Society (Graham & Trotman), 309-318. 

Cloos, H., 1968. Experimental analysis of Gulf Coast 
fracture patterns. AAPG Bulletin, 52, 420-441. 

Cowie, P. A. & Scholz, C. H. 1992 a. Physical explana¬ 
tion for the displacement-length relationship of 
faults using a post-yield fracture mechanics 
model. Journal of Structural Geology , 14, 11 33— 
1148. 

-&-1992 b. Displacement-length scaling rela¬ 
tionship for faults; data synthesis and discussion. 
Journal of Structural Geology , 14, 1149-1156. 

Crans, W., Mandl, G. & Harrembourre, J. 1980. On 
the theory of growth faulting. A geomechanical 
delta model based on gravity sliding. Journal of 
Petroleum Geology , 2, 265-307. 

Cruikshank, K. M., Zhao, G. & Johnson, A. M. 1991. 
Duplex structures connecting fault segments in 
Entrada sandstone. Journal of Structural Geology, 
13, 1185-1186. 

de Lange, G. J., Kok, T. T. J., Ebbing, J. & van der 
Klugt, P. 1988. Microfault-like structures in 
unconsolidated Upper Quaternary sediments 
from the Madeora abyssal plain (eastern North 
Atlantic). Marine Geology, 80, 155-159. 

Dunn, D. E., Lefountain, L. J. & Jackson, R. E. 1973. 
Porosity dependence and mechanism of brittle 
fracture in sandstones. Journal of Geophysical 
Research, 78, 2403-2417. 

Engelder, T. 1985. Loading paths to joint propagation 
during a tectonic cycle, an example from the Appa¬ 
lachian Plateau, U.S.A. Journal of Structural 
Geology, 1, 459-476. 

-1993. Stress Regimes in the Lithosphere. Princeton 

University Press. 

Farrell, S. G. & Eaton, S. 1988. Foliation developed 
during slump deformation of Miocene marine sedi¬ 
ments, Cyprus. Journal of Structural Geology, 10, 
567-576. 


Fossen, H. & Gabrielsen, R. H. 1995. Experimental 
modeling of extensional fault systems by use of 
plaster. Journal of Structural Geology , 18, 673-687. 

Gabrielsen, R. H. & Aarland, R.-K. 1990. Character¬ 
istics of pre-/syn-consolidation structures and 
tectonic joints and microfaults in fine- to medium¬ 
grained sandstones. In: Barton, N. & Stepansson, 
O. (eds) Rock Joints. Balkema, Amsterdam, 4 5-50. 

-&-1995. How can fracture analysis contribute 

to the understanding of previous and recent stress 
systems? In: Fejerskov, M. & Myhrvang, A. M. 
(eds) Rock Stresses in the North Sea . NTH/ 
SINTEF, 38-48. 

-& Koestler, A. G. 1987. Description and struc¬ 
tural implications of fractures in the late Jurassic 
sandstones of the Troll Field, northern North 
Sea. Norsk Geologisk Tidsskrift, 67, 371-381. 

- & Robinson, C. 1984. Tectonic inhomogeneities of 

the Kristiansund-Bodo Fault Complex, offshore 
mid Norway. In: Spencer, A. M. et al. (eds) Petro¬ 
leum Geology of the North European Margin. Nor¬ 
wegian Petroleum Society (Graham & Trotman), 
397-406. 

- , Aarland, R.-K. & Pedersen, T. 1993. Distri¬ 
bution and genesis of natural fracture systems in 
clastic sediments. In: Banks, S. & Banks, D. (eds) 
Hydrogeology of Hard rocks. Memoirs of the 
XXIVth Congress International Association of 
Hydrogeologists , 52-73. 

Gillespie, P. A., Walsh, J. J. & Watterson, J. 1992. 
Limitations of dimension and displacement data 
from single faults and the consequences for data 
analysis and interpretation. Journal of Structural 
Geology, 14, 1157-1172. 

Groshong, R. H. Jr 1988. Low temperature deformation 
mechanisms and their interpretation. Geological 
Society of America, Bulletin, 100, 1329-1360. 

Guiraud, M. & Seguret, M. 1987. Soft-sediment 
micro-faulting related to compaction within the 
fluvio-deltaic infill of the Soria strike-slip basin, 
northern Spain. In: Jones, K. E. & Preston, 
M. F. (eds) Deformation of Sediments and Sedi¬ 
mentary Rocks. Geological Society, London, 
Special Publication, 29, 123-136. 

Haimson, B. C. & Doe, T. W. 1983. State of stress, per¬ 
meability, and fractures in the Precambrian granite 
of northern Illinois. Journal of Geophysical 
Research , 88, 7355-7372. 

Hancock, P. L, 1985. Brittle microtectonics. Principles 
and practice. Journal of Structural Geology, 7, 
437-457. 

Hardin, F. R. & Hardin, G. C. Jr 1961. Contem¬ 
poraneous normal faults of Gulf Coast and their 
relation to flexures. AAPG Bulletin, 45, 238-248. 

Harris, J. F., Taylor, G. L. & Walper, J. L. 1960. 
Relation of deformation fractures in sedimentary 
rocks to regional and local structures. AAPG 
Bulletin, 44, 1853-1873. 

Heald, M. T. 1956. Cementation of Simpson and St. 
Peter Sandstone in parts of Oklahoma. Journal of 
Geology, 64, 16-30. 

Hobbs, D. W. 1967. The formation of tension joints in 
sedimentary rocks, an explanation. Geological 
Magazine , 104, 550-556. 




FRACTURES IN SILICICLASTIC SEDIMENTS 


63 


Jackson, P. & Sanderson, D. J. 1992. Scaling of fault 
displacements from the Badajoz-Cordoba shear 
zone, SW Spain. Tectonophysics, 210, 179-190. 

Jamison, W. R. & Stearns, D. W. 1982. Tectonic defor¬ 
mation of Wingate Sandstone, Colorado National 
Monument. AAPG Bulletin, 66, 2584-2608. 

Koestler, A. G. & Ehrmann, W. U. 1991. Description 
of brittle extensional features in chalk on the crest 
of a salt ridge (NW Germany). In\ Roberts, A. M., 
Yileding, G. & Freeman, B. (eds) The Geometry of 
Normal Faults. Geological Society, London, 
Special Publication, 56, 113-123. 

Kulander, B. R., Dean, S. L. & Ward, B. J. J. 1990: 
Fractured core analysis: Interpretation, logging, 
and use of natural and induced fractures in core. 
AAPG, Methods in Exploration Series No. 8. 

Ladeira, F. L. & Price, N. J. 1981. Relationship 
between fracture spacing and bed thickness. Jour- 
nal of Structural Geology , 3, 179-183. 

Lowe, D. R. 1975. Water escape structures in coarse¬ 
grained sediments. Sedimentology , 22, 157-204. 

Maltman, A. J. 1988. The importance of shear zones in 
naturally deformed wet sediments. Tectonophysics , 
145, 163-175. 

-1994. Deformation structures preserved in rocks. 

In: Maltman, A. (ed.) The Geological Deformation 
of Sediments. Chapman & Hall, London, 261-307. 

Mandal, N., Deb, S. K. & Khan, D. 1994. Evidence for 
a non-linear relationship between fracture spacing 
and layer thickness. Journal of Structural Geology, 
16, 1275-1281. 

Mandl, G. 1988. Mechanics of Tectonic Faulting. 
Models and Concepts. Elsevier, New York. 

- , de Jong, L. N. J. & Maltha, A. 1977. Shear zones 

in granular material, an experimental study of their 
structure and mechanical genesis. Rock Mechanics , 
9, 95-144. 

Marrett, R. & Allmendinger, R. W. 1991. Estimates 
of strain due to brittle faulting. Sampling of fault 
populations. Journal of Structural Geology , 13, 
735-738 

Martinsen, O. & Bakken, B. 1990. Extensional and 
compressional slumps and slides in the Namurian 
of County Clare, Ireland. Journal of the Geological 
Society of London, 147, 153-164. 

Narr, W. & Currie, J. B. 1982. Origin of fracture 
porosity - Example from the Altamont Field, 
Utah. AAPG Bulletin , 66, 1231-1247. 

- & Suppe, J. 1991. Joint spacing in sedimentary 

rocks. Journal of Structural Geology , 13, 63-72 

Nelson, R. A. 1981. Significance of fracture sets 
associated with stylolite zones. AAPG Bulletin , 
65, 2417-2425. 

Nystuen, J. P. 1989. Rules and recommendations for 
naming of geological units in Norway. Norsk 
Geologisk Tidsskrift , 69, Suppl. 2. 

Ord, D. M., Clemmey, H. & Leeder, M. R. 1988. Inter¬ 
action between faulting and sedimentation during 
Dinantian extension of the Solway basin, SW 
Scotland. Journal of the Geological Society of 
London, 145, 149-259. 

Owen, G. 1987. Deformation processes in unconsoli¬ 
dated sands. In: Jones, M. E. & Preston, R. M. F. 
(eds) Deformation of Sediments and Sedimentary 


Rocks. Geological Society, London, Special Publi¬ 
cation, 29, 11-24. 

Pedersen, T. A. 1992. Strukturelle stromningsharrierer 
og deres betydning for komminikasjon og stromning 
av hydrokarboner pa Njordfeltet. Cand.scient. 
thesis, University of Bergen. 

Petit, J.-P. & Laville, E. 1987. Morphology and micro¬ 
structures of hydroplastic slickensides in sand¬ 
stone. In: Jones, K. E. & Preston, M. F. (eds) 
Deformation of Sediments and Sedimentary Rocks. 
Geological Society, London, Special Publication, 
29, 107-121 

Pittman, E. D. 1981. Effects of fault-related granula¬ 
tion on porosity and permeability of quartz 
sandstones. AAPG Bulletin, 65, 2381-2387. 

Price, N. J. 1966. Fault and Joint Development in Brittle 
and Semi-brittle Rock. Pergamon, Oxford. 

Ramsay, J. G. & Huber, M. I. 1987. The Techniques of 
Modern Structural Geology, Volume 2: Folds and 
Fractures , 309-700. 

Rider, M. H. 1978. Growth faults in Carboniferous of 
western Ireland. AAPG Bulletin, 62, 2191-2213. 

Sbar, M. L. & Sykes, L. R. 1973. Contemporary com¬ 
pressive stress and seismicity in eastern North 
America. An example of intra-plate tectonics. 
Geophysical Society of America Bulletin, 80, 
1231-1264. 

Scholz, C.H & Cowie, P. A. 1990. Determining a total 
geologic strain from faulting. Nature, 346, 837-839. 

Sikorsky, R. I. 1991. A diagram for interpreting orien¬ 
tation data for planar features in core. Journal of 
Structural Geology, 13, 1085-1089. 

Stearns, D. W. & Friedman, M. 1972. Reservoirs in 
fractured rocks. AAPG Memoir , 16, 83-106. 

Stow, D. A. V. 1986. Deep clastic seas. In: Reading, H. 
G. (ed.) Sedimentary Environments and Facies. 
Blackwell, Oxford, 399-444. 

Sverdrup, E. & Bjorlykke, K. 1992. Small faults in 
sandstones from Spitsbergen and Haltenbanken. 
A study of diagenetic and deformational structures 
and their relation to fluid flow. In: Larsen, R. M., 
Brekke, H., Larsen, B. T. & Talleraas, E. (eds) 
Structural Modelling and its Application to Petro¬ 
leum Geology. Norwegian Petroleum Society 
Special Publication, 1, 507-517. 

Tillman, J. E. 1983. Exploration for reservoirs with 
fractured enhanced permeability. Oil & Gas 
Journal , 81, 165-180. 

- & Barnes, H. L. 1983. Deciphering fracturing and 

fluid migration histories in the Northern Appala¬ 
chian Basin. AAPG Bulletin, 67, 692-705. 

Versteeg, J. K. & Morris, W. A. 1994. Pitfalls and 
procedures for determining fabric orientations in 
non-oriented bore core. Journal of Structural 
Geology, 16, 283-286. 

Visser, J. N. J., Colliston, W. P. & Tereblanche, J. C. 
1984. The origin of soft-sediment structures in 
Permo-Carboniferous glacial and proglacial beds. 
South Africa. Journal of Sedimentary Petrology , 
54,1183-1196. 

Voight, B. & St. Pierre, B. H. P. 1974. Stress history 
and rock stress. In: Advances in Rock Mechanics: 
Proceedings of the 3rd Congress, International 
Society of Rock Mechanics, 2, 580-582. 



64 


R. H. GABRIELSEN ET AL. 


Walsh, J. J. & Watterson, J. 1987. Distribution of 
cumulative displacement and seismic slip on a 
single normal fault surface. Journal of Structural 
Geology , 9, 1039-1046. 

- & -1988. Analysis of relationship between 

displacements and dimensions of faults. Journal 
of Structural Geology , 10, 239-247. 

-&-1989. Displacement gradients on fault sur¬ 
faces. Journal of Structural Geology, 11, 307-316. 

-, -& Yielding, G. 1991. The importance of 

small-scale faulting in regional extension. Nature , 
351,391-393. 

Watterson, J. 1986; Fault dimensions, displacements 
and growth. Pure and Applied Geophysics , 124, 
365-373. 


Watts, N. L. 1983. Microfractures in chalks from the 
Albuskjell Field, Norwegian sector, North Sea. 
Possible origin and distribution. AAPG Bulletin, 
67, 201-234. 

Westaway, R. 1994. Quantitative analysis of popula¬ 
tions of small faults. Journal of Structural 
Geology, 16, 1259-1273. 

Wilke, S., Guyon, E. & de Marsily, G. 1985. Water 
penetration through fractured rocks. Test of a 
tridimensional percolation description. Mathema¬ 
tical Geology, 17, 17-27. 

Wojtal, S. F. 1994. Fault scaling and the temporal 
evolution of fault systems. Journal of Structural 
Geology, 16, 603-612. 



Flow through fault systems in high-porosity sandstones 


T. MANZOCCHI 1,2 , P. S. RINGROSE 1 ’ 3 & J. R. UNDERHILL 4 

1 Department of Petroleum Engineering, Heriot-Watt University, Edinburgh EH 14 4 AS, UK 
2 Present address: Fault Analysis Group, Department of Earth Sciences, 

University of Liverpool, Liverpool L69 3BX, UK 
3 Present address: Statoil Research Centre, Postuttak, Trondheim 7005, Norway 
4 Department of Geology and Geophysics, The University of Edinburgh, 

Edinburgh EH9 3JW, UK 


Abstract: Small-scale faults in high-porosity sandstones form highly connected systems over 
a range of length scales. The effective permeability and oil recovery in such fault systems are 
strongly controlled by their geometrical architecture. This paper describes partially sealing 
faults in terms of: (a) characterization of their spatial distribution; (b) their effects on reser¬ 
voir compartmentalization; and (c) their significance for fluid flow. Four suites of numerical 
flow simulations in highly compartmentalized fault systems are used to assess the influence of 
geometrical variability on single- and two-phase flow. The single-phase suites demonstrate 
that effective permeability is approximately linearly related to the number of fault-enclosed 
compartments present in a fault system. Use of a fault heterogeneity measure allows effective 
permeability for a geometrical case to be estimated from fault density and fault and matrix 
permeability. The two-phase simulations model water-floods, and show the relationships 
between length scale, fault system geometry and oil recovery. In a self-similar fault system, 
oil recovery is preferentially inhibited at the smaller length scales. Oil recovery is influenced 
by compartment volume distribution and is therefore sensitive to fault clustering. The fault 
density necessary to severely affect either single- or two-phase flow is likely to occur only close 
to structures which are large relative to the scale under consideration. This improved under¬ 
standing of the relative influences of fault system geometry, density and petrophysics should 
lead to significantly improved hydrocarbon recovery from faulted high-porosity sandstones. 


Fault system architecture 

High-porosity quartz arenitic sandstones often 
show high fault densities both in outcrop and 
core. Although individual fault displacements 
are often less than a centimetre, these faults 
are characterized by significant reduction in 
porosity, grain sorting, grain sphericity and 
pore throat size over a 1-2 mm wide zone. The 
mechanics of deformation in quartz-rich silici- 
clastics has been extensively reviewed (e.g. 
Aydin & Johnson 1983; Underhill & Woodcock 
1987; Antonellini et al. 1994). Because the 
strength of a sandstone is proportional to poros¬ 
ity (Dunn et al. 1973) and high porosity favours 
fault strain-hardening, small-scale faulting will 
tend to be most prevalent in the best quality 
sandstone reservoirs, and faulting there will be 
predominantly small-scale. 

Figure 1 shows an example of faulting in the 
Permian Penrith Sandstone in the north of 
England at George Gill near Espland (Knott 
1994). Single-event deformation bands (granula¬ 
tion seams) often form multiple-event zones of 
bands (Fig. la). The faults form in characteristic 
orientations, and interaction of bands and zones 
of different orientations produces polyhedral 


fault-bounded sandstone compartments (Fig. 
lb). Although the petrophysical properties of the 
faults vary with provenance, porosity can be 
reduced by up to 80%, permeability is frequently 
around three orders of magnitude less than that of 
the unfaulted sandstone matrix, and capillary 
pressures across faults are much higher than in 
matrix samples (e.g. Pittman 1981; Jamison & 
Stearns 1982; Underhill & Woodcock 1987; Anto¬ 
nellini & Aydin 1994; Fowles & Burley 1994). 

Figure 2 illustrates the nature of faulting in 
porous sandstones at a range of length scales. 
The smallest-scale image is a computerized tomo¬ 
graph (CT) scan of a 1 cm thick zone of deforma¬ 
tion bands from a sample recovered from core 
from the North Sea (Fig. 2a). The image has a 
pixel resolution of 0.2 mm x 0.2 mm and has 
been processed to display only CT values above 
an arbitrary threshold. The CT number correlates 
directly with density, and therefore a high CT 
number indicates low porosity in monomineralic 
rock. At this scale the anastomosing nature of the 
zones of bands is evident, with frequent fault 
splays and patches of higher porosity sandstone 
between zones of high density fault gouge. 

The second fault map is one order of magnitude 
larger, and comes from the Penrith Sandstone at 
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Fig. 1. Small-scale faulting in Penrith Sandstone, George Gill, Vale of Eden, (a) Thin anastomosing zones of bands 
(left) have sub-centimetre displacements. Single wavy deformation bands (right) frequently form splays and 
terminate as isolated fault tips. Photograph is 35 cm wide, (b) Fault traces from two conjugate sets of deformation 
bands form rhomb-shaped fault-enclosed compartments. Photograph is 8 m wide. 
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Fig. 2. Faulting at four scales, (a) Millimetre-scale CT image of a narrow zone of deformation bands from North 
Sea core. Pixel resolution is 0.2 mm x 0.2 mm. (b) Centimetre-scale fault map from the Permian Penrith Sandstone, 
Vale of Eden, N England. Resolution is that of the naked eye. (c) Tens of metres-scale fault map from a pavement 
in the Navajo Sandstone, Arches National Park, Utah. Resolution for discrete faults is 10 cm thickness. Contoured 
fault density for narrower faults is derived from one-dimensional scan lines. The shaded area represents fault 
density of more than five per metre, (d) Hypothetical kilometre-scale reservoir structure map. Seismic fault 
resolution is approximately 20 m offset. 
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George Gill (Fig. 2b). Two zones of deformation 
bands are shown, each with a variable and 
complex internal morphology. Again, a high 
frequency of splays and anastomosing strands 
within the zones is evident. Frequent duplex struc¬ 
tures occur within the zones, resulting in variable 
gouge thicknesses along the zone traces. Duplex 
structures are common in faulted high-porosity 
sandstones (Cruikshank et al. 1991), and are a 
common way for zones of deformation bands to 
terminate. Because of this, the overall connectivity 
of deformation band systems is often very high. 
However, both at this and the previous scale, 
many of the splay faults also have isolated termi¬ 
nations. 

Figure 2c is a fault map from the Navajo Sand¬ 
stone on the Moab anticline in Arches National 
Park, SE Utah. The 50 m x 80 m area is two 
orders of magnitude larger than the previous 
map, and contains faults ranging in width from 
1 mm to 1 m. This range is too great to allow con¬ 
struction of a completely scaled map, and only 
faults thicker than 10 cm are shown. A series of 
13 scan lines perpendicular to strike have been 
averaged to infer the shaded regions which repre¬ 
sent areas with over five bands per metre. This 
average (based on the number of faults) is only 
one of several possible representations and 
others are feasible: a fault density average is 
proportional to gouge thickness, and a strain 
average is proportional to fault displacements. 
Thus density and displacement information, as 
well as data appertaining to connectivity, is not 
represented by the average selected. The overall 
fault pattern is similar to the smaller-scale 
images, with tight fault clusters and frequent 
duplexes and splays. However, the overall pro¬ 
portion of fault splays to fault terminations is 
lower than at the previous scale. This is because 
large faults are frequently transferred onto struc¬ 
tures which are below the resolution of the map. 
The need to average smaller faults has reduced 
the apparent connectivity of the fault system. 

Figure 2d shows a hypothetical reservoir struc¬ 
ture map. Only faults with offsets greater than 
about 20 m are resolvable by three-dimensional 
seismic, so this is the smallest scale of fault that 
can be explicitly mapped. The scale of this map 
is more than five orders of magnitude greater 
than the CT image (Figure 2a). In order to 
understand the effect of sub-seismic faulting on 
flow in this hypothetical sandstone reservoir, 
the nature of flow and faulting at all relevant 
scales, from millimetres to kilometres, must 
therefore be considered. Flow is a function of 
fault and matrix permeability, the fault system 
structure, and the fault density and density distri¬ 
bution throughout the reservoir. The object of 


this study is to establish which characteristics of 
the fault system will most affect flow. 

Fault data may come from several different 
sources. Core may yield samples the scale of 
Fig. 2a. This grain and pore scale is critical as 
it is the scale at which permeability is determined: 
cataclasis in quartz arenites or clay smearing in 
less pure sandstones ultimately determine the 
petrophysical properties of the fault gouge. The 
centimetre-decimetre scale shown on Fig. 2b 
may be resolved by acoustic and electrical well¬ 
bore image logs. These may reveal information 
about fault density and clustering characteristics, 
but not about permeability which requires core. 
Information about fault system geometry at 
scales larger than this, such as that mapped on 
Fig. 2c, is impossible to gather from wells in any¬ 
thing greater than one-dimensional datasets. 
Faults between about lm and 20 m offset are 
generally irresolvable by either well or seismic. 
At these scales the use of analogue or theoretical 
models of faulting is vital. 

Several methods exist to determine areas of 
likely sub-seismic faulting in reservoirs, including 
those based on the proximity to large structures 
(e.g. Gauthier & Lake 1993) or those based on 
curvature mapping (e.g. Lisle 1994). Field 
evidence in faulted sandstone systems exists for 
both these techniques. Jamison & Stearns 
(1982) have shown small faults clustering 
around large structures, and a relationship 
between curvature and fault density has been 
demonstrated for deformation band systems by 
Antonellini & Aydin (1995). Here we focus on 
how small-scale fault density predictions could 
be used to gain a quantitative assessment of 
hydrocarbon flow within faulted reservoirs. 

An essential step in modelling sub-seismic fault¬ 
ing in reservoirs is to derive a fault density map 
based on interpretation of the relevant data: 
seismic, core, regional geological model, tectonic 
history, rheology, etc. Populating this fault 
density map with individual faults, each with 
appropriate petrophysical properties, at all rele¬ 
vant length scales is intractable, so statistical 
approaches are necessary. Figure 2c illustrates 
the necessity of fault system averaging, and high¬ 
lights some of the assumptions and simplifications 
that must be made in such averaging. Even 
if populating a deterministic fault map were 
possible, calculating flow in so complex a model 
would be computationally exorbitant. A predic¬ 
tion of the flow in a faulted sandstone must there¬ 
fore rely on some form of fault system averaging, 
incorporating the effect of flow in the faulted 
zones as effective properties. A fault system can 
be characterized by several interrelated geome¬ 
trical factors. This paper considers some of the 
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geometrical aspects of fault systems and their 
significance for flow. Only through an under¬ 
standing of which fault system attributes are 
important to flow can reservoir geologists know 
how to characterize fault systems effectively. Simi¬ 
larly, only through an understanding of natural 
fault systems can a reservoir engineer know 
whether the methods or assumptions used in 
modelling the fault system are valid. 

Previous work on predicting flow effects due to 
sealing or partially sealing faults has focused on 
the frequency of minor faults at sub-seismic 
scales (e.g. Gauthier and Lake 1993; Heath et al. 
1994), with little attention placed on modelling 
the connectivity characteristics of the system. Con¬ 
versely, many of the fault characterization and 
flow performance calculations for hydraulically 
conductive fracture systems have concentrated 
on the fault clustering and connectivity charac¬ 
teristics of the system (e.g. Odling 19926). In 
such systems, most of the flow is concentrated in 
the fractures and the greater the fracture system 
connectivity, the greater the flow performance of 
the reservoir. The opposite is true for partially seal¬ 
ing faults. In these systems the flow is concentrated 
in the high-permeability matrix, and if the fault 
system is highly connected, flow is impaired. 
Fault system geometry is likely to be significant 
for flow through low-permeability faults, due to 
compartmentalization of the high-permeability 
matrix by low-permeability faults. 


Fault system modelling 

A fracture system can be statistically character¬ 
ized by only a few geometrical factors (La 
Pointe & Hudson 1985; Dershowitz & Einstein 
1988). The most fundamental factor is fault 
density and the other factors characterize the dis¬ 
tribution of fault density in space. In this study, 
fault density refers to the total fraction of fault 
gouge in a volume of rock. 

Individual faults (each with particular orienta¬ 
tions, sizes, displacements, terminations and 
positions) occur over a wide range of scales. 
Fault size and displacement characteristics are 
governed by the scaling laws of the fault system 
which define the number of faults at a particular 
length scale that are present in the system. Fault 
system connectivity is controlled by the other 
factors: orientation, termination and position. 


Fault scaling 

A common technique for determining the fre¬ 
quency of sub-seismic faults assumes scale 


invariance. This method (Yielding et al. 1992; 
Gauthier & Lake 1993) relies on self-similarity 
of fault attribute scaling between seismic and 
sub-seismic scales. It is based on relationships 
of the form: 


N = AL~ m 

(1) 

D = BL n 

(2) 


where N is the cumulative number of faults of 
length > L, D is fault displacement and A, B, m 
and n are system-specific constants. Equation 1 
implies that fault density is scale-invariant 
(Childs et al. 1990; Scholz & Cowie 1990), 
while Eqn 2 implies scale invariance of fault 
shape (Gillespie et al. 1992). From these relation¬ 
ships it is possible to predict the frequency of 
faults of any particular length scale, but implicit 
in the implementation of this method is the belief 
in a mechanical continuum of faulting at all 
scales covered by the extrapolation. This is not 
the case for fault systems in porous sandstones. 

Faults in porous sandstones occur in three 
styles: single deformation bands, zones of defor¬ 
mation bands and slip surfaces (Aydin & John¬ 
son 1978). A continuum of physical processes 
may exist between the first two styles as both 
represent strain-hardening processes, but the 
development of slip surfaces involves a physical 
transition from shear displacement accommo¬ 
dated across a thickening fault zone to displace¬ 
ment accommodated on a single plane. Slip 
surfaces strain-soften rather than strain-harden. 
It is therefore unlikely that fault systems would 
show a constant power-law distribution over 
length scales spanning this mechanical transition. 
In the Penrith Sandstone this transition occurs at 
fault displacements of about 0.3 m (Knott 1994). 

Similarly, the displacement/length relationship 
(Eqn 2) is process-dependent. Although the rela¬ 
tionship is broadly correct for about six orders of 
magnitude of faulting (Gillespie et al. 1992), a 
mechanical transition between strain-hardening 
deformation bands and strain-softening slip 
surfaces negates the possibility of complete 
scale invariance. High-porosity sandstones are 
often massively bedded with few good marker 
laminations and it is notoriously difficult to 
measure deformation band displacement gradi¬ 
ents. Preliminary data reported by Antonellini 
& Aydin (1995) show that although displace¬ 
ment/length relationships may be scale-invariant 
for slip surfaces, no such relationship seems to 
exist for deformation bands. Cowie & Scholz 
(1992) have shown that an important parameter 
determining the displacement/length relationship 
is friction. In deformation bands friction is high, 
whereas slip surfaces have much lower friction. 
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Fig. 3. (a) Fault trace map from the Permian Penrith Sandstone, George Gill, Vale of Eden. Fault thickness 
variation is not represented, (b) Fault displacement section for a heterogeneous cluster system, Belah Scar, Vale of 
Eden, (c) Cartoon of heterogeneous clustering small distinct fault clusters are formed around slip surfaces, (d) 
Fault displacement section from within a cluster, George Gill, Vale of Eden, (e) Cartoon of a homogeneous fault 
system - indistinct overlapping clusters are formed. 


Friction is a fundamental control on strain¬ 
hardening versus strain-softening faulting pro¬ 
cesses (Underhill & Woodcock 1987). Therefore 
it is reasonable to suppose that displacement 
gradients on deformation bands are markedly 
different from those on slip surfaces. The 
strain-hardening/strain-softening transition dis¬ 
cussed above is peculiar to high-porosity sand¬ 
stones; however, analogous mechanical and 
scaling transitions have been reported from 
other fracture styles, for example tensile fractures 
in basalts by Hatton et al. (1994). 


Fault connectivity 

Fault connectivity is governed by fault orienta¬ 
tion, termination and placement characteristics. 
The most essential factor for connectivity is 


orientation: if all faults are parallel, no faults 
can connect. Fault systems are usually divided 
into orientation populations, and the stress 
state at the time of faulting controls the orienta¬ 
tions of the populations present. Four orienta¬ 
tion populations are necessary to accommodate 
triaxial strain (Reches 1977; Krantz 1988) and 
this is often observed in porous sandstones 
(Aydin & Reches 1982; Underhill & Woodcock 
1987). Figure 3a is a small-scale fault trace map 
from the Penrith Sandstone, with the four princi¬ 
pal orientation populations indicated. Usually a 
fault system consists of two or more orientation 
populations, with individual faults dispersed 
around the principal orientations. For a given 
length distribution, the fault system becomes 
more connected as the angle between two popu¬ 
lations of parallel faults or the dispersion of fault 
orientations increases (Robinson 1983). 
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Fault system termination characteristics directly 
control fault system connectivity. Termination is 
characterized by the ratios of /, Y and X nodes 
present in a fault system. / nodes represent isolated 
fault tips, Y nodes are formed at fault splays or 
terminations against other faults, and X nodes 
represent fault intersections. The proportion of 
fault terminations in a system is likely to vary as 
a function of the mechanical evolution of the 
fault system. 

Dershowitz & Einstein (1988) report two joint 
datasets with 42% and 60% Y nodes (it is 
unclear in their study whether X nodes are con¬ 
sidered equivalent to two Y nodes, or ignored). 
Gillespie et al. (1993) show a joint map with 
91% X nodes. Large-scale (seismic) fault maps 
often show a preponderance of / nodes (e.g. 
Gillespie et al. 1993). Fault maps of large sand¬ 
stone pavements (e.g. Zhao & Johnson 1992) 
often show high proportions of X nodes, but 
this could be an effect of fault reactivation in a 
tensile mode. Our observations suggest that the 
dominant node type at the small scale in defor¬ 
mation band systems is Y nodes. Figure 2 
shows abundant splays; Fig. 3a has 14:73:13 
I :Y:X node proportions. 

Antonellini & Aydin (1995) have examined 
fault terminations in porous sandstones. Both 
deformation bands and zones of deformation 
bands form interconnected systems, while slip 
surfaces often terminate by transference to 
these smaller structures. Fault system connec¬ 
tivity characteristics are different above and 
below the mechanical scaling transition: termina¬ 
tions at deformation band and zone length scales 
are characterized by Y nodes, but slip surface/ 
slip surface Y terminations are rare. 

The spatial position of faults relates to fault 
clustering. In this paper, clustering refers to the 
relative proximity of faults (e.g. Gillespie et al. 
1993), and not the definition used in percolation 
theory, in which clustering refers to the connec¬ 
tivity of the system (e.g. Odling 1992a). Fault 
clustering has only an indirect influence on 
compartmentalization: as clustering in a fault 
system increases, the sizes of fault-enclosed com¬ 
partments become more variable. 

La Pointe & Hudson (1985) relate clustering 
to fault system homogeneity. Highly clustered 
systems are heterogeneous, whereas if the faults 
are more evenly distributed the system is 
homogeneous. Clustering of deformation bands 
around slip surfaces is very common (e.g. 
Jamison & Stearns 1982; Koestler et al. 1994). 
Figure 3b is an example of such clustering, show¬ 
ing a displacement profile along a 67 m cliff 
section roughly parallel to fault dip. Two large 
faults with metre offsets accommodate most of 


the 6 m cumulative displacement, and millimetre 
displacement deformation bands are clustered 
tightly around these. A cartoon of this heteroge¬ 
neous fault clustering is shown in Figure 3c. 

Figure 3d shows a cross-section through a 
deformation band/zone of deformation band 
system. The faulting in this system is much 
more homogeneous and a simplified cartoon of 
one orientation population is illustrated in 
Fig. 3e. The faults in Fig. 3d indicate homo¬ 
geneous clustering; however, what is sampled is 
the internal structure of a single cluster. Fault 
clusters are frequently observed in faulted sand¬ 
stones. Many of these are not associated with a 
large fault, although large faults usually display 
clusters. 

The soft-domino fault model (Walsh & Wat- 
terson 1991) has shown that linked fault systems 
need not be ubiquitous. In porous sandstones we 
observe a population of large slip surfaces which 
are not linked; the model predicts that the fault 
blocks respond by internal deformation. In 
high-porosity sandstones this strain is accommo¬ 
dated by forming deformation bands and zones, 
rather than by flexural slip and drag around the 
slip surfaces. These smaller structures form a 
highly connective system, and are largely respon¬ 
sible for fault compartmentalization. 

The number of fault-enclosed compartments 
in a reservoir can be determined exclusively by 
orientation and termination characteristics of 
the fault system. The size distribution of these 
compartments is controlled by the clustering of 
the faulting. These influences are illustrated in 
Fig. 4. 


Fault compartmentalization 

In this section, we derive a relationship between 
fault connectivity and reservoir compartmentali¬ 
zation in two dimensions. This provides a 
measure of compartment density (CD) based on 
composite geometrical parameters of the fault 
system and is used in the following section for 
analysing the flow simulation results. We define 
compartment density as the number of fault- 
enclosed compartments present in a system, 
represented as a fraction of the maximum 
number of compartments possible for the parti¬ 
cular number of fault terminations and inter¬ 
sections. This is a function of the proportion of 
each fault node type present (Fig. 4c), and the 
total number of nodes. For given I :Y:X node 
proportions, the total number of nodes present 
decreases as the orientation population density 
ratio, x , decreases (Fig. 4b). This effect is incor¬ 
porated into the CD measure by normalising 
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Fig. 4. Geometrical control on fault connectivity, (a) Datum fault system, (b) Effect of fault orientation: lowering 
the orientation population density ratio lowers the fault system connectivity, (c) Effect of fault termination 
characteristics: increasing the proportion of isolated terminations lowers the fault system connectivity, (d) Effect of 
fault clustering: increasing the heterogeneity of the system clustering has no influence on fault connectivity, but 
increases the range of compartment sizes. 


the actual number of compartments present for a 
case of x ^ 1 against the number of compart¬ 
ments which would be present for the same 
I :Y :X proportions at x = 1. 

Figure 5 shows the fundamental compart- 
mentalization properties of the three fault node 
types. Each compartment is contained by four 
Y or X nodes. Each X node separates four 
compartments (Fig. 5a), but each Y node 
separates only two compartments (Fig. 5b). 
Therefore one X node or two Y nodes are 



c) I Nodes (A = 1) 


required per compartment. / nodes do not 
increase compartmentalization, but they can 
have a dispersive effect. Faults that contain an 
I node and one or more of any other type of 
node reduce the number of compartments 
calculated on the basis of Y and X nodes by 
one (Fig. 5c). However, faults that contain two 
I nodes and no other nodes do not affect com¬ 
partmentalization (Fig. 5d). The compartment 
density of a fault system may therefore be deter¬ 
mined from the proportions of each node type 



d) I nodes (A=0) 


Fig. 5. Contribution of each fault node type to compartmentalization in two dimensions for two orientation 
populations of parallel faults. One X node (a) or two Y nodes (b) are required per compartment. I nodes may either 
reduce compartmentalization (c), or have no influence on it (d). 
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a) X nodes, x = 1 b) X nodes, x = 0.33 



c) Y nodes, x = 1 d) Y nodes, x = 0.7 


Fig. 6. Influence of the population orientation density ratio (x) on compartmentalization. Compartmentalization 
due to X nodes is sensitive to x. (a) x = 1, n a — 12, n b = 12, n c = n a n b = 144. (b) x = 0.33, n a — 6,n b = 18, 
n c — n a n b = 108. Compartmentalization due to Y nodes is not affected by x. (c) x = 1, n a = 36, = 36, 

n c — n a + n b ~ 72. (d) x — 0.7, n a = 36, n b — 51, n c = n a + n b = 87. 


present: 

CD ~ Px ~ Api (3) 

Where CD is compartment density, Px^Py and Pi 
are the proportions of each node type present, 
and A is a system-specific constant reflecting 
the proportion of I nodes that are connected to 
aforl node, and has the range 0 < A < 1. 

As well as the /: Y : X node proportions, the 
other variable that affects the number of com¬ 
partments contained by a specific number of 
faults is the population orientation density 
ratio, x (Fig. 4). The maximum number of com¬ 
partments possible for a fixed number of nodes is 
attained when all nodes are X nodes (Eqn 3). For 
a population characterized entirely by X nodes, 
the total number of compartments (n c ) is given 
by (Fig. 6): 

«C = n a n h (4) 

where n a and n b are the total number of faults 
from two populations in a given area. If n T is 
the total number of faults in an area, and x is 
the population orientation density ratio, then: 

n T = n a + n b (5) 


The maximum number of compartments is 
achieved when x = 1: 


«C max = ^ (8) 

For any case of x ^ 1 and p x < 1, Eqn 3 does not 
give the maximum number of compartments pos¬ 
sible. Maximum compartmentalization occurs 
when x = 1, and the number of X node-bounded 
compartments is determined by the product of 
Eqn 8 and the proportion of X nodes present. 
The actual compartmentalization due to X 
nodes is given by the product of the X node 
fraction and Eqn 7. Normalizing Eqn 7 by Eqn 
8 provides the x-sensitive n c /N Cmax term for X 
nodes, which must be incorporated into Eqn 3. 
The compartmentalization due to Y nodes does 
not vary as a function of the x (Fig. 6), so the 
Y node term in Eqn 3 is correct, whatever the 
value of x. 

CD for any case of x is therefore given by: 


CD 


(*+l) 2 


Pr 

2 


Api 


( 9 ) 



CD correlates linearly with n c , is dimensionless 
and has the range 0 < CD < 1. CD = 0 implies 
^ ^ no compartmentalization (i.e. a case where 
Pj — 1) and CD = 1 represents maximum com¬ 
partmentalization possible at a fixed total 
(7) number of fault nodes (i.e. a case where x = 1 
and px = 1). 
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Producer wells 



Injector wells 



Matrix Blocks 



Empty ^ 
Fault Site ' 



Fig. 7. Simulation grid geometry: 3553 active grid-cells are distributed at 45° to the flow direction. Each block of 
four matrix sites is bounded by a fault site. 


Flow modelling 

This section details a series of numerical simula¬ 
tions of single- and two-phase flow through 
model fault systems with varying fault connectiv¬ 
ity characteristics. Flow simulations have been 
run on the ECLIPSE 100 simulator using discrete 
grid cells (rather than transmissibility factors) to 
represent low permeability faults. Fault cells are 
one block wide, and are separated by at least two 
matrix blocks (Fig. 7). All models are two- 
dimensional in the horizontal plane, with no¬ 
flow boundary conditions. Two orthogonal 
fault populations are modelled, and the mean 
flow direction bisects them. A 90° fault dihedral 
angle was used, as it allows the desired variability 
in fault system geometry to be modelled, whilst 
retaining relatively few grid-blocks in a simple 
configuration. Flow is modelled by fluid injection 
and production at controlled rates at each end 
of the model. The use of no-flow boundary con¬ 
ditions allows us to neglect the cross-flow terms 
in the full permeability tensor, but see Pickup 
et al. (1994) for a fuller treatment of effective 
permeability. 

Each simulation experiment is designed to 
investigate the significance of a specific geo¬ 
metrical characteristic of the fault system. Fault 
density is constant in any particular experiment, 
and all faults have identical thickness and petro¬ 
physical properties. Four series of simulations 


are presented: the first investigates effective per¬ 
meability as a function of compartmentalization; 
the second considers fault density and perme¬ 
ability variation; the third models oil recovery 
as a function of fault length scale; and the 
fourth, oil recovery as a function of fault 
system connectivity. 

Compartmentalization and effective 
permeability 

In the previous section, we showed how the 
orientation population ratio and termination 
characteristics of a fault system both contributed 
to compartmentalization in a faulted reservoir. 
The significance of these on effective perme¬ 
ability is discussed below. 

The effect of population orientation ratio (x) is 
modelled with a series of 12 fault systems, each 
with a value of x between 0 and 1 (three are 
shown in Fig. 8a). A further 20 fault system 
models were used to calculate effective perme¬ 
ability variation due to fault termination charac¬ 
teristics, of which three are shown in Fig. 8b. The 
models were run with 1 D matrix and 1 mD fault 
permeabilities. Each fault block (Fig. 7) is 1 cm 
thick, and each matrix block 15 cm. The mini¬ 
mum spacing between faults is 30 cm and the 
vertical thickness of the model is 30 cm. Water 
was injected and produced at a constant Darcy 
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a) Orientation Population density ratio, x. 







X = 1 

b) Termination proportions 

x= 1/3 

x = 0 





nr 

High I node Fraction 

High Y node Fraction 

High X node Fraction 


Fig. 8. Examples of the fault systems modelled to assess the control of compartmentalization on effective 
permeability, (a) Three of 12 model fault systems with variable orientation population density ratio, (b) Three of 20 
model fault systems with variable node termination characteristics. 


velocity of 0.5m/day, and well pressures were 
recorded when flow had stabilized. The effective 
permeability of the model is calculated from the 
pressure drop between injector and producer 
wells using Darcy’s law: 

( 10 ) 

where q is the volumetric flow rate, A is the cross- 
sectional area, A P/l is the pressure gradient, p is 
the water viscosity and k e is the effective perme¬ 
ability. 

The results are shown in Fig. 9. Figure 9a is a 
plot of model effective permeability against 
orientation density ratio. Effective permeability 
decreases non-linearly as the fault system 
becomes more evenly distributed between the 
populations present. Figure 9b is a ternary dia¬ 
gram of fault nodes, with effective permeability 
of the 20 models indicated. Contours show an 
increase in effective permeability towards / 
node-dominated fault systems. In Fig. 9c effec¬ 
tive permeability from both series of models 
is plotted against the compartmentalization 
measure CD (Eqn 9). These results indicate that 
effective permeability of a fault system decreases 
approximately linearly with increasing compart¬ 
ment density. 

The results were obtained for fault systems at 
a constant matrix/fault permeability contrast 
(1000) and constant fault density. Effective per¬ 
meability (k e ) can be solved analytically for 
end-member fault systems (Muskat 1937): if 
flow is perpendicular to a set of faults, effective 
permeability is the harmonic average perme¬ 
ability (k h ) of the rock-mass, and if parallel the 
arithmetic average (k a ). In geometrically more 


complex fault systems,^ must lie between these 
values. The harmonic and arithmetic average 
permeabilities vary as a function of fault density 
and fault and matrix permeability, but are 
independent of fault system structure. The 
following series of flow simulations quantifies 
the effect of fault system structure with respect 
to fault thickness and permeability. 

Fault density, permeability and 
compartmentalization 

Figure 10a shows the relationship between arith¬ 
metic and harmonic average permeability and 
fault density for a 1 mD fault system in 1 D 
matrix. The separation between the two averages 
is equivalent to the maximum k e range possible 
due to the geometrical variability of the fault 
system. As the matrix/fault permeability contrast 
(, k m /kf ) increases, the shape of the k a - k h curve 
is similar but retains a higher value to lower fault 
densities. If we normalize k a - k h against k m /k f 
to give kf(k a - k h )/k m , and plot this against 
fault density for three values of k m /kf (Fig. 
10b), the distance under each curve at a particu¬ 
lar fault density and permeability contrast is a 
measure of the possible effective permeability 
range of such a fault system. Fault system geo¬ 
metrical variability can be significant only if the 
kf(k a - k h )/k m curve is high. 

The term kf(k a - k h )/k m reflects the hetero¬ 
geneity of the system, but because it includes 
the k a - k h term, a particular value does not 
represent a unique case of fault heterogeneity. 
For instance, a value of kf(k a - k h )/k m — 0 
could imply either no faulting in the volume 
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Fig. 9. Compartment density flow simulation results 
for 1 mD faults in 1 D matrix. Fault density = 0.015. 
(a) Effective permeability vs. orientation population 
density ratio, (b) Effective permeability vs. fault node 
proportions contoured on an IYX node ternary 
diagram, (c) Effective permeability vs. 
compartmentalization measure CD (Eqn 9) combining 
both geometrical variables. 


under consideration, or that it is composed 
entirely of fault gouge. To overcome this equivo¬ 
cality, we use a modified form to represent fault 
system heterogeneity ( H ): 

= (ii) 

This function is virtually identical to 
kf(k a — k h )/k m for fault density (d) up to the 
turning points (Fig. 10b), but rather than 
decreasing to 0 at a fault density of 1, it increases 
to 1 . H is similar to the Dykstra-Parsons hetero¬ 
geneity measure (Dykstra & Parsons 1950; Lake 
& Jensen 1991), and ranges from H = 0 (for a 
case of d = 0 or Ay = k m ) to H = 1 (for a case 
of d = 1 or kf = 0). 

The nine points on Fig. 10b represent series of 
fault systems modelled. All models have uniform 
matrix permeabilities of 1 D and fault perme¬ 
abilities of either 0.1 mD, 1 mD or 10 mD. 
Three fault densities (0.00047, 0.0047 and 
0.015) were obtained by changing the relative 
sizes of the fault and matrix grid cells (Fig. 7). 
In addition, each density/permeability model is 
run with five geometrical templates, with varying 
orientation population ratio (x, as above). In this 
way the permeability sensitivity due to fault 
system structure may be compared with the 
permeability sensitivities due to fault thickness 
and fault permeability (combined in the H 
measure), through a total of 45 effective perme¬ 
ability results. 

For each series, the mean of the five k e values is 
shown of Fig. 10c. Unsurprisingly, the highest k e 
is from the fault system with the narrowest and 
most permeable faults. Also shown in Fig. 10c 
are contours of equal //, which have been calcu¬ 
lated from Eqn 11. The average simulated effec¬ 
tive permeability of the fault systems varies 
systematically with this composite average, and 
one order of magnitude kf reduction has the 
same effect on a particular geometrical system 
as one order of magnitude fault density increase. 

Figure lOd shows the range in effective perme¬ 
abilities for the five geometrical cases for each H 
case. This range is expressed as a fraction of the 
mean k e of each geometrical series, and plotted 
against the series mean, as recorded in Fig. 10c. 
The results show that effective permeability is 
most sensitive to fault system structure when 
k e is lowest. Thus k e for the minimum case 
is 24mD±36%, and for the maximum is 
935 mD± 0.03%. 

These single-phase simulation results indicate 
that effective permeability is systematically influ¬ 
enced by fault density and fault and matrix per¬ 
meability (Fig. 10c). As the heterogeneity of the 
fault system (H) increases, effective permeability 
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Fig. 10. Fault density, petrophysics and geometry simulation results, (a) Permeability vs. fault density for a system 
of 1 mD faults in 1 D matrix; Ka , arithmetic average permeability; Kh, harmonic average permeability, (b) 
Composite permeability average Kf(K a - K h )/K m vs. fault density for matrix/fault permeability contrasts of 100, 
1000 and 10000. Dots indicate positions of the nine simulation suites, (c) Matrix/fault permeability contrast vs. 
fault density. Spot values are mean effective permeability, and contours are of equal H value, (d) Geometrical 
permeability fraction vs. effective permeability. 


becomes increasingly sensitive to the geometrical 
architecture of the fault system (Fig. lOd). 


Oil recovery and length-scale 

Unlike effective permeability determination, 
which is a function exclusively of the medium, 
two-phase flow processes are controlled also 
by the properties of the fluids involved. Satura¬ 
tion-dependent relative permeability and capil¬ 
lary pressure functions govern the phase 
mobilities. In this study, empirical relationships 
(detailed in Ringrose & Corbett 1994) have 
been used to generate relative permeability and 


capillary pressure curves for 1 D sandstone and 
lOmD fault gouge. 

The first two-phase simulation examines the 
influence of scale on oil recovery. A single fault 
system (Fig. 11a) was modelled at four scales. 
The four systems have identical H and geometry, 
and therefore would have identical k e values. In 
the smallest model, the faults are 0.1cm thick 
and the matrix grid-cells 4.95 cm. These are 
increased by an order of magnitude in each 
simulation run, and the largest has 1 m thick 
faults and 49.5 m matrix cells. The area of the 
model has been split into four regions (R1 to 
R4, Fig. 11a), within which the oil recovery has 
been recorded throughout the run. A cumulative 
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Fig. 11. Oil recovery and length scale flow simulation 
results for 10 mD faults in 1 D matrix, (a) Fault system 
model and reporting regions. Total flow distance is 3 m, 
30 m, 300 m and 3 km. Fault thicknesses are 1 mm, 

1 cm, 10 cm and 1 m. Fault density is 0.005 in every 
case, (b) Cumulative density function (CDF) of the 
compartment area at each length scale, (c) Recovery at 
two pore volumes (2PV) vs. mean compartment area 
for the four reporting regions. 


density function of compartment areas for the 
four length scales is shown in Fig. lib. Figure 
11c shows a plot of oil recovery at two pore 
volumes of injected water, plotted against mean 
compartment area for the four models. These 
show that in a self-similar fault system, oil 


recovery is preferentially inhibited at the smaller 
length scales. 

A set of dimensionless ratios or groups incor¬ 
porates the fundamental physical processes 
active in two-phase flow (e.g. Shook et al. 1992; 
Ringrose et al. 1993). Gravitational forces can 
be ignored in this study, as the models are 
horizontal and two-dimensional, with a constant 
thickness. The relevant scaling group relates 
viscous to capillary forces. When the viscous/ 
capillary ratio is high the system tends towards 
viscous-dominated flow, and recovery is 
enhanced. Although the Darcy velocity at each 
scale is modelled at a constant realistic reservoir 
flow rate (1 ft/day), the volumetric flow rate ( q ) 
varies as a function of model size. As the 
viscous/capillary ratio is directly proportional 
to q , the ratio increases as a function of length 
scale, and the flow regime for the larger length 
scales tends towards viscous-dominated flow 
with-increased recovery (Fig. 11c). 

Oil recovery is therefore dependent on the 
scale of the system, as at smaller length scales 
the capillary forces in the system become more 
significant. The fault system structure determines 
the distribution of high capillary pressure 
regions, and therefore oil recovery should be 
most sensitive to the structure of the fault 
system at capillary-dominated length scales. 
This sensitivity is investigated by the following 
simulations. 


Oil recovery and fault system connectivity 

Figure 12 shows four fault systems with identical 
fault density and different fault connectivity 
characteristics. System A is a highly compart- 
mentaliszed system with a high X node fraction. 
Systems B and C have virtually identical node 
distributions, but B has continuous faulting 
across the model, while in C flow paths are 
possible entirely through the matrix. System D 
has 100% / nodes and therefore no fault connec¬ 
tivity or compartmentalization. The petrophysics 
are identical to the previous models, and the 
systems have been run at the largest and second 
smallest length scales used previously, which 
correspond to viscous- and capillary-dominated 
flow regimes, respectively. 

Oil recovery at two pore volumes for the two 
reporting regions is shown in Fig. 13a and b. 
Oil recovery for a completely unfaulted homo¬ 
geneous model should be identical at both 
length scales, and the discrepancy between the 
unfaulted recovery at each scale (labelled NF) 
gives an indication of the error due to numerical 
dispersion. Ringrose et al. (1993) conducted 
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R1 R2 


R1 R2 





Fig. 12. Fault systems and reporting regions used to determine the influence of fault connectivity on oil recovery. 
System A: high X node fraction. Systems B and C: high / and Y node fractions. System D: high / node fraction. 


sensitivities on numerical dispersion due to grid 
discretization, and concluded that dispersion is 
most critical at low viscous/capillary ratios. 
Because we are modelling different length scales 
rather than flow rates, the discretization in our 
capillary-dominated cases is much greater than 
in the viscous cases, which, coupled with the 
much shorter time-steps used in the capillary 
case, results in minimal numerical dispersion. 
These results confirm those of the previous 
experiment: at smaller length scales oil recovery 
is reduced. Numerical dispersion tends to over¬ 
emphasize the effect. However, scale dependency 
on recovery is not merely a numerical artefact: an 
increase in either scale or flow rate increases the 
viscous forces in the system, and therefore oil 
recovery. 

Figure 13a and b also shows that at capillary 
length scales the effect of fault connectivity on 
recovery is more influential that at viscous 
scales. Figure 13c and d shows recovery through¬ 
out the model at two pore volumes for the two 
length scales, as a fraction of the recovery for 
the unfaulted matrix. The more connected fault 
system (A) has lower recovery at both viscous 
and capillary length scale; however, the reduc¬ 
tion compared to the other fault systems is 
much more marked at the capillary scale. 

A subsidiary effect of capillary trapping is 
shown by fault systems B and C. Region 1 for 
system B has a complete downstream fault 
barrier into region 2, but fault system C has con¬ 
tinuous matrix flow paths (Fig. 12). Recovery at 
capillary scales in region 1 is, as expected, lower 
for system B than for system C; however, in 


region 2 the relative recovery switches, and 
system B has a greater recovery than system C. 
We believe this is due to the continuous flow 
path present in system C. Once water has estab¬ 
lished a flow path through the model, additional 
injected water will preferentially follow this path, 
rather than displace the oil trapped in fault com¬ 
partments. In system B there are no continuous 
matrix flow paths, and the water-front is more 
evenly distributed across the model. This allows 
a greater volume of oil to be displaced, with 
increased recovery. At large scales, capillary 
trapping is not significant, and the recovery for 
system C is greater than for system B (Fig, 
13d). Although a completely disconnected fault 
system (system D) has greater recovery than con¬ 
nected ones, the details of the fault system con¬ 
nectivity, and the presence of flow paths, is 
significant, and recovery is not simply a function 
of compartmentalization and connectivity. 


Summary and conclusions 

This work has focused on evaluating flow 
behaviour in faulted high-porosity sandstone 
reservoirs. We have performed flow simulations 
through highly connected permeability-reducing 
fault systems. Our fault system models contain 
no fault scaling relationships and are all modelled 
with a constant flow direction relative to constant 
fault orientations. All faults in each model have 
identical thicknesses and permeabilities. Within 
these limitations we model fault systems contain¬ 
ing only a few discrete faults, and invariably 
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Region 1 


Region 2 




Fig. 13. Oil recovery and fault system connectivity flow simulation results for lOmD faults in 1 D matrix. Fault 
density is 0.003. Oil recovery at two pore volumes (2PV) vs. length scale for systems A to D and an unfaulted model 
(NF) for (a) reporting region 1 and (b) reporting region 2. Total recovery at 2PV as a fraction of unfaulted recovery 
at (c), the capillary scale and (d) the viscous scale. 


some faults pass right through the model. The 
fundamental flow volume we consider is the 
fault-enclosed compartment rather than the fault 
itself, and we are concerned primarily with the 
presence and size of compartments, and only 
with the thickness and petrophysical properties 
of the compartment-bounding faults. 

Effective permeability calculations have shown 
that, for any fault density and fault and matrix 
permeability, a fault heterogeneity measure (//, 
Eqn 11) may be used to estimate effective perme¬ 
ability (Fig. 10c). Antonellini & Aydin (1994) 
give an example of an extremely high fault 
density as 100 deformation bands per metre, 
with each band 1.5 mm thick. This corresponds 
to a fault density of 0.15 and is observed only 


close to large fault zones. Figure 10c shows that 
the effective permeability of a compartmenta¬ 
lized system at this density is extremely low for 
1 mD faults. The field map on Fig. 2c provides 
another example. If we take an average fault 
density in the shaded regions of 10 bands per 
metre, still assuming 1.5 mm thickness, then 
fault density is 0.01. Effective permeability 
might then be around 300 mD for a compartmen¬ 
talized system of 1 mD faults in 1 D matrix. 

Fault clustering appears to be extremely hetero¬ 
geneous at all scales below the slip surface/zone of 
bands mechanical scaling transition (Figs 2 and 
3), and therefore fault clusters form areas of low 
effective permeability, which are localized into 
narrow zones on a larger map. This inference 
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suggests that the fault density necessary to severely 
reduce the effective permeability at any scale is 
likely to exist only very close to structures that 
are large relative to the scale under consideration. 

The composite fault thickness/permeability 
heterogeneity measure (H) shows that a one 
order of magnitude change in fault density is 
equivalent to a one order of magnitude per¬ 
meability change. The effective permeability 
estimates calculated above were based on realis¬ 
tic fault and matrix permeabilities. We infer 
that effective permeability is only significantly 
reduced at very high fault densities or low fault 
permeabilities. At high fault densities, increasing 
compartment density by enhancing fault connec¬ 
tivity can alter the effective permeability by 
about a factor of two (Figs 9c and lOd). 

Antonellini & Aydin (1995) give some esti¬ 
mates of compartment sizes in relation to strata 
curvature above salt. They describe 30 m wide 
compartments bounded by 5 mm faults. Our 
two-phase experiments model a self-similar 
fault system and predict that compartments of 
this size, even at the very slow flow rates that 
occur away from wells during field production, 
do not have severe capillary trapping effects for 
10mD faults in ID matrix (Fig. 10c). Indeed, 
even in the compartments between the zones on 
Fig. 3a, recovery is only slightly reduced (about 
38% recovery instead of about 45% for 30 m 
compartments). Oil recovery might be most criti¬ 
cal around the percolation threshold of the fault 
system, in which case significant volumes of 
hydrocarbon might become trapped in compart¬ 
ments because the water-flood is concentrated 
into narrow channels exploiting tortuous flow 
paths through the matrix. Future work aims to 
carry on addressing the problem with more sensi¬ 
tivity studies with particular attention placed on 
fault clustering, two-phase flow, boundary con¬ 
ditions and the third dimension. 
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The Department of Trade and Industry, Deminex, 
Elf, Esso, Mobil and Shell. We thank reviewers J. W. 
Barker and C. L. Farmer, and our colleagues J. L. 
Jensen and G. E. Pickup, for useful comments. The 
CT image has kindly been provided by L. Ball. 
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Abstract: Evaluation of hydrocarbon entrapment and production patterns in faulted 
sandstone reservoirs requires understanding of the nature and fluid-flow properties of sand¬ 
stone-derived fault zones. This study documents the interrelationships between sandstone 
composition, deformation mechanisms, fault-zone character, and fluid-flow properties 
(permeability and capillary properties) using a global sandstone dataset. 

Quartz-rich sandstones deform by cataclasis (most commonly), diffusive mass transfer, or 
a combination of these processes to form deformation bands. The fluid-flow properties of 
these zones depend on deformation mechanism(s). Faulting of mineralogically immature 
sandstones results in the formation of clay-matrix gouge zones by a combination of 
processes, including cataclasis, intergranular sliding in clay-rich materials, and diffusive 
mass transfer. Clay-matrix gouge zones generally have lower permeabilities and higher 
capillary displacement pressures than deformation bands. 

Most deformation bands have capillary properties sufficient to maintain hydrocarbon 
column-height differences of less than 75 m across them, whereas clay-matrix gouge zones 
can potentially seal hydrocarbon columns with heights of several hundred metres. Both 
low-permeability deformation bands and clay-matrix gouge zones are likely to influence 
production patterns, although the magnitude of these effects will depend on the spatial 
distribution and abundance of faults and the permeabilities of the fault zones and 
undeformed sandstone. 


Information about fault zone fluid-flow proper¬ 
ties (e.g. permeability, porosity, capillary proper¬ 
ties) in siliciclastic strata is necessary for accurate 
evaluation of fault-seal risk, model simulation of 
faulted petroleum reservoirs, and basin-scale 
fluid-flow modelling. This paper contains the 
results of a petrographic and laboratory study 
aimed at determining the fluid-flow properties 
of natural fault zones and evaluating the factors 
that influence these properties. Because signifi¬ 
cant difficulties are inherent in trying to collect 
coherent, representative samples of macroscopic 
fault zones for fluid-flow tests, the approach 
utilized in this study is to document the character 
and properties of small-displacement faults 
derived from sandstones of various composi¬ 
tions. Such fault zones are primarily mixtures 
of quartz, feldspar and phyllosilicates 
(micas + clay minerals) that vary significantly 
in character and show many features in 
common with macroscopic fault zones in silici¬ 
clastic stratigraphic sequences. Fault zones 
similar to some of those examined in this study 
have been studied by a number of previous work¬ 
ers (e.g. Aydin 1978; Pittman 1981; Jamison & 
Stearns 1982; Nelson 1985; Chester & Logan 
1986; Underhill & Woodcock 1987; Trevena 
1989; Knipe 1993; Antonellini & Aydin 1994). 
However, no previous study has addressed the 


spectrum of variability observed among the 
samples considered in this paper. 

The data presented here demonstrate that 
faults formed from porous sandstones range in 
character from quartz-rich cataclastic zones to 
clay-matrix gouge zones, generally reflecting the 
composition of the protolith. Capillary pressure 
and permeability data collected on a suite of 
samples spanning this spectrum show systematic 
variations as a function of both sandstone and 
fault-zone composition, as well as the defor- 
mational processes active during faulting. Clay- 
matrix gouge zones consistently have low 
permeabilities and the highest capillary pressures 
(smallest effective pore-throat radii). All of the 
fault zones studied have permeabilities poten¬ 
tially low enough to influence hydrocarbon 
production from a sandstone reservoir. How¬ 
ever, clay-matrix gouge zones also have small 
enough pore-throats to form capillary seals for 
significant hydrocarbon columns. 


Sample description 

The specimens used in this study include both 
outcrop and core samples collected from a 
number of different geographic areas (Table 1). 
Arrays of small-displacement faults like those 


Gibson, R.G. 1998. Physical character and fluid-flow properties of sandstone-derived fault zones. In: Coward, 
M. P., Daltaban, T. S. & Johnson, H. (eds) Structural Geology in Reservoir Characterization. Geological Society, 
London, Special Publications, 127, 83-97. 



Table 1. List of samples, localities, descriptive information, permeability (k), and pore-throat radius (R) data 
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studied here are typical of deformed sandstones 
in regions of localized high strain, such as in 
areas of high bedding curvature and within 
deformation halos adjacent to macroscopic 
faults (Aydin 1978; Jamison & Stearns 1981; 
Chester & Logan 1986; Antonellini & Aydin 
1994; Knipe et al 1996). Fault types (normal, 
reverse, strike-slip) and ranges of displacement 
magnitude are listed in Table 1 for each of the 
specimens included within the study. In the case 
of most samples, the fault displacement is small 
enough that it is clear that the fault-zone material 
was derived directly from the adjacent sandstone. 
Two samples (CA-1, CA-2) were collected within 
major displacement zones within the San 
Andreas fault system and their protoliths are 
not known. 

The samples were compositionally character¬ 
ized by (1) point-counting of impregnated, 
stained thin sections of the protolith sandstone 
and (2) collecting semi-quantitative X-ray dif¬ 
fraction (XRD) data on the fault-zone material 
and, where possible, its sandstone protolith. 
These data are summarized in Table 2 and 
shown graphically in Fig. 1. XRD analyses 
have analytical uncertainties on the order of 
±10%. Significant XRD mineralogical differ¬ 
ences between some of the fault-zone material 
and the corresponding protoliths are shown in 
Table 2 and are indicated by arrows in Fig. lb. 
Faulted sandstones exhibiting obvious diagenetic 
modification after faulting were avoided during 
the sample selection process. Therefore, no dis¬ 
tinction is made in either the point-count or 
XRD data between detrital and authigenic 
phases, since both contribute to the character 
of subsequent faults cross-cutting these sand¬ 
stones. 

For descriptive purposes, the suite of fault 
zones is divided into two broad textural cate¬ 
gories, deformation bands and clay-matrix 
gouge zones (Table 1). The distinction between 
these two groups is based primarily on fault- 
zone appearance in outcrop or drill-core and 
secondarily on characteristics observed in thin 
section. The criteria by which they are distin¬ 
guished are outlined below. 


Deformation bands 

Deformation bands (Aydin 1978) are narrow 
(< 2 mm thick), planar displacement zones that 
are a common feature in porous sandstones 
and have been referred to in the literature by a 
variety of names (see Pittman 1981; Jamison & 
Stearns 1981; Nelson 1985; Underhill & Wood¬ 
cock 1987; Fowles & Burley 1994). In drill-core 


or outcrop, they are typically lighter coloured 
and better indurated than the surrounding sand¬ 
stone and occur as either complex, intersecting 
arrays or zones comprising multiple, sub-parallel 
bands (Fig. 2a). They occur preferentially in 
mineralogically mature, quartz-rich (>65% of 
solids) sandstones with less than 30% clay + 
mica + lithic fragments (Fig. la, Table 2). XRD 
data show that the deformation bands have 
total phyllosilicate contents below 25% (most 
below 10%) and do not differ significantly in 
mineralogy from their sandstone protoliths 
(Fig. lb, Table 2). On the basis of the deforma¬ 
tion mechanism(s) responsible for their forma¬ 
tion, the deformation bands can be sub-divided 
into three groups. 

Cataclastic deformation bands consist of frac¬ 
tured and fragmented detrital grains. They are 
finer grained, more poorly sorted, and contain 
smaller pores than the protolith sandstone. 
Deformation associated with these zones is 
extremely localized, with sharp boundaries 
between the zone of grain fragmentation and 
adjacent undeformed rock (Fig. 2b). Grain 
fragments within the deformation bands show 
no apparent preferred orientation and are 
typically sub-equant, with grain boundaries 
that do not interpenetrate with neighbouring 
fragments (Fig. 2c and d). The dominant process 
responsible for the formation of these deforma¬ 
tion bands is interpreted to be cataclasis (see 
also Aydin 1978; Pittman 1981; Jamison & 
Stearns 1981; Underhill & Woodcock 1987; 
Antonellini & Aydin 1994; Fowles & Burley 
1994). Of the three types of deformation bands, 
this is the most common variety within the 
sample set. 

Solution deformation bands consist of tightly 
packed grains (mostly quartz) with serrated, 
interpenetrating grain boundaries and irregular 
concentrations of opaque material and/or 
phyllosilicates along grain boundaries (Fig. 3a). 
These zones show little or no indication of 
fracturing or fragmentation of detrital quartz 
grains. Instead, grains within them have a weak 
to strong dimensional alignment parallel to the 
stylolitic seams and fault-zone margins. The 
long axes of these aligned grains are comparable 
in length to the diameter of the detrital grains 
within the undeformed sandstone (Fig. 3a). The 
welded grain contacts and grain-shape alignment 
are interpreted to reflect quartz dissolution along 
grain boundaries sub-parallel to the fault-zone 
margin. This diffusive mass transfer may have 
been superimposed onto pre-existing zones 
formed by grain-boundary sliding, such as 
those described by Sverdrup & Prestholm 
(1990). 



Table 2. Compositional data for samples included in this study 
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Fig. 1. Porosity-free compositional plots of sandstone and fault-zone samples used in this study, (a) Point-counts 
of thin sections of unfaulted sandstone, (b) X-ray diffraction data of sandstone and fault gouge: dashed lines 
connect sandstone composition (at symbol) with that of fault gouge (arrowhead) for cases where the two are not 
coincident within analytical uncertainty. 


Complex deformation bands are zones of 
extremely fine grain size with thin, irregular lami¬ 
nae of opaque material parallel or at a low angle 
to their margins (Fig. 3b). Unlike the cataclastic 


deformation bands, boundaries of grains within 
the fine-grained zones tend to be sutured and 
interlocking (Fig. 3c) and there is locally a 
grain-shape alignment. Discontinuous mica 



Fig. 2. Cataclastic deformation bands: (a) zone of deformation bands in outcrop of Dakota Sandstone, Canon 
City, Colorado, USA; (b) thin section of (a) showing cataclastic deformation band (bottom) and adjacent 
sandstone (plane light photomicrograph); (c) enlargement of (b) showing fractured, angular quartz grains in 
cataclastic deformation band (crossed polars photomicrograph); (d) scanning electron micrograph of (b) showing 
conchoidal fracture faces on quartz fragments and discrete nature of grain boundaries between fragments. 




Fig. 3. Solution and complex deformation bands; (a) solution deformation band (across centre) showing aligned, 
unfractured grains bounded by dark, phyllosilicate-rich selvedges, Wilcox Formation (Fm), south Texas, USA 
(plane light photomicrograph); (b) complex deformation band with dark stylolites parallel to deformation band 
margin (vertical), Nugget Fm, western Wyoming, USA (plane light photomicrograph); (c) enlargement of (b) 
showing sutured quartz grain boundaries within complex deformation band (crossed polars photomicrograph); 
(d) scanning electron micrograph of (b) showing indistinct nature of quartz fragment boundaries resulting from 
pressure solution and local cementation. 

films occur along quartz grain boundaries that lenticular fragments upon handling. Thin clay- 

are sub-parallel to the fault-zone margin. The matrix gouge zones in various orientations 

textural contrast between these zones and cata- sometimes form intersecting arrays that separate 

clastic deformation bands is especially evident less-deformed sandstone into polygonal blocks, 

in scanning electron micrographs, where the They are preferentially developed from mineralo- 

boundaries between adjacent fragments in the gically immature sandstones, specifically those 

deformed zone appear to be partially to entirely with greater than 30% clay + mica + lithics and 

welded (Fig 3d). The microscopic character of less than 60% quartz (Fig. la, Table 2). Minera- 

these zones is that of cataclastic deformation logically, the gouge zones range in composition 

bands that have been overprinted and modified from 20 to 80% phyllosilicates and, in some 

by pressure solution. Therefore, these zones are cases, show significant differences from their pro- 

interpreted to have formed by a combination of toliths (Fig. lb, Table 2). 

cataclasis and diffusive mass transfer. In thin section, the clay-matrix gouge zones 

vary in character both within individual samples 
and between samples from different locations. 
Clay-matrix gouge zones The principal feature common to all samples is 

the presence of a fine-grained, clay-bearing 
Clay-matrix gouge zones appear in outcrop, matrix within which the phyllosilicate grains 

drill-core and hand sample as shiny, lineated, are strongly aligned (Fig. 4b). The foliation 

dark-coloured surfaces or zones (Fig. 4a) that defined by these phyllosilicates is oriented at 

commonly serve as planes of preferential parting, low angles or parallel to the fault zone margin 

In many cases, the fault-zone material is poorly (Fig. 4c). In some cases, the phyllosilicate fabric 

indurated and readily disaggregates into platy, is accompanied by irregular laminae of opaque 
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Fig. 4. Clay-matrix gouge zones: (a) cut slab of dark-coloured clay-matrix gouge in micaceous Cutler Sandstone 
from Moab fault zone, central Utah, USA (scale in centimetres); (b) thin section of (a) showing aligned, fine¬ 
grained phyllosilicates in clay-matrix gouge (crossed polars photomicrograph); (c) prominent oblique foliation 
defined by phyllosilicate aggregates, Hemlock Fm, Cook Inlet, Alaska, USA (plane light photomicrograph); 

(d) deflection of phyllosilicate-rich lithic clast into incipient clay-matrix gouge zone, Hemlock Fm, Cook Inlet, 
Alaska (plane light photomicrograph). 


material. Remnants of the protolith, such as 
shattered detrital grains and pieces of intact 
sandstone, occur as porphyroclasts within this 
foliated matrix. Margins of the gouge zones 
vary from sharp to diffuse, locally displaying a 
gradual decrease of foliation intensity into the 
adjacent rock. Within the sandstone outside of 
the gouge zones, micaceous detrital grains (e.g. 
lithic fragments) commonly show evidence of 
ductile grain distortion and dimensional align¬ 
ment into parallelism with the foliation (Fig. 
4d). In some cases, feldspar grains are partially 
or completely altered to fine-grained phyllosili¬ 
cate aggregates in close proximity to the gouge 
zones. 

Sandstone-derived fault rocks similar to the 
clay-matrix gouge zones discussed above have 
been previously described by Chester & Logan 
(1986), Trevena (1989), and Knipe (1993). The 
complex character of these zones is interpreted 
to reflect their formation by the simultaneous 
activity of several deformation mechanisms, 
including cataclasis, diffusive mass transfer, and 


intragranular sliding within phyllosilicate-rich 
domains (detrital fragments or gouge matrix). 


Analysis of fluid-flow properties 

Fluid-flow tests on the fault-zone samples 
included analysis of specific permeability and 
capillary properties. Since permeability is the 
fundamental factor controlling the rate of fluid 
flow in response to an applied differential head 
(see Hubbert 1956), it is the parameter likely 
to be most important in dictating fluid-flow 
patterns within a reservoir during production. 
In contrast, capillary properties dictate the mag¬ 
nitude of the differential hydrocarbon buoyancy 
pressure (typically manifest as differential hydro¬ 
carbon column height) that can be maintained 
across a lithologic boundary. Capillary proper¬ 
ties control the ability or inability of a lithologic 
boundary to act as a barrier to migrating hydro¬ 
carbons (see overview by Schowalter (1979)) on a 
long-term time frame. Therefore, measurement 






90 


R. G. GIBSON 


of permeability and capillary properties provides 
information on the potential influence of fault 
zones on fluid flow over two different time scales. 


Permeability 

Where possible, 1.9 to 2.5 cm diameter plugs were 
cut approximately perpendicular to the fault 
zones, and the plugs were trimmed to maximize 
the portion consisting of fault-zone material. 
These plugs were used for Klinkenberg-corrected 
permeability measurement at 20.7 MPa (3000 psi) 
hydrostatic confining pressure. Measurement 
error associated with the permeability tests is 
estimated to be <15% of the measured value for 
samples with permeabilities greater than lmD 
and up to 35% for lower permeability samples 
(G. Potter, Amoco, pers. comm.). Despite these 
large uncertainties in absolute permeability 
values, the data are considered sufficient to 
detect order-of-magnitude differences between 
samples within the dataset. 

Many of the plugs used for permeability analy¬ 
sis consisted of both protolith sandstone and 
fault-zone material. In these cases, the perme¬ 
abilities measured in the laboratory represent a 
harmonic average of the fault-zone and sand¬ 
stone permeabilities (see Amyx & Bass (1962) 
for discussion of permeability averaging in 
heterogeneous media). True fault-zone perme¬ 
abilities for these samples were calculated from 
a knowledge of the host sandstone permeability 
(estimated from previous core analysis results 
or measured on companion plugs of unfaulted 
material) and the proportion of the plug 
(measured parallel to the axial flow direction) 
consisting of fault-zone material. 



Fig. 5. Comparison of sandstones and fault-zone 
permeabilities. Symbols as in Fig. 1. 

Fault-zone permeabilities span five orders of 
magnitude (Table 1). For all of the samples in 
which the permeability of both the sandstone 
and fault zone were measured, the fault zone 
has lower permeability (Fig. 5). These results 
are consistent with the conclusions of other 
authors (e.g. Aydin 1978; Pittman 1981; Nelson 
1985; Trevena 1989; Antonellini & Aydin 1994; 
Fowles & Burley 1994) who have demonstrated 
significant permeability reduction associated 
with faulting of porous sandstones. In the 
sample set considered here, the permeability 
reduction relative to the protolith sandstone is 
one to three orders of magnitude for cataclastic 
and solution deformation bands, and two to 
four orders of magnitude for clay-matrix gouge 
zones and complex deformation bands. 

The fault-zone permeabilities generally 
decrease with decreasing protolith quartz content 
(Fig. 6a) and increasing fault-zone phyllosilicates 
(Fig. 6b). Deformation-band permeabilities span 




100 x qtz / (qtz+fsp+phyl+lithic) 
in sandstone (point count) 


100 x phyl. / (qtz+fsp+phyl) 
in fault zone (XRD) 


Fig. 6. Fault-zone permeability at 20.7 MPa (3000 psi) hydrostatic confining pressure as a function of (a) 
sandstone protolith composition and (b) fault-zone composition. Symbols as in Fig. 1. 
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a wide range, from 0.008 to 9mD, showing a 
strong dependence on the deformation mechan¬ 
isms active in band formation. Cataclastic defor¬ 
mation bands have the largest permeabilities, 
whereas the complex deformation bands (cata- 
clasis plus diffusive mass transfer) have the 
smallest values. Solution deformation bands 
have permeabilities intermediate between the 
other two types. Clay-matrix gouge zone perme¬ 
abilities are below 0.07 mD and, with the excep¬ 
tion of a couple of data points, show a crude 
tendency to decrease with increasing phyllo- 
silicate content (Fig. 6 b). The upper part of 
their permeability range overlaps with that of 
solution and complex deformation bands. 

Measured permeabilities of the cataclastic 
deformation bands (0.1-9mD) are similar to 
those previously determined for cataclastic 
deformation bands in the Oil Creek Sandstone 
(Pittman 1981), the Nubia Sandstone (Harper 
& Moftah 1985), quartzose sandstones in the 
Colorado Plateau (Antonellini & Aydin 1994), 
and Permian sandstones of northwest England 
(Fowles & Burley 1994). Permeabilities of 
complex deformation bands are similar to other 
values reported for faults in the Nugget Sand¬ 
stone (Nelson 1985). The only clay-rich fault- 
zone permeabilities reported in the literature 
are those of Morrow et al.{ 1981) on San Andreas 
fault gouge. They reported a brine permeability 
of approximately 0.00001 mD, more than three 
orders of magnitude lower than the San Andreas 
gouge permeability measured here (CA-2, Table 
1). This difference may be related, in part, to 
extreme water sensitivity of clays in San Andreas 
gouge samples. 


Capillary properties 

Capillary pressure data were collected using two 
different techniques: ( 1 ) methane injection into 
brine-saturated plugs, and ( 2 ) mercury injection 
into evacuated samples. Because these two test 
methods utilize different fluid systems, compari¬ 
son of the resulting pressure measurements 
cannot be done directly (see Schowalter 1979). 
In order to allow comparison, the pressure 
results were converted to effective pore-throat 
radii ( R ) using (Washburn 1921): 

R = 27 cos 6/P d 

where P d is the measured pressure at any point 
during a test, 7 is the interfacial tension between 
the two fluids (480dyncm'“ 1 for mercury-air; 
values from Hough et al. (1951) for methane- 
brine), and 0 is the hydrocarbon-brine-solid 
contact angle (140° for mercury-air; 0° for 


methane-brine). Capillary pressure results 
throughout the remainder of this paper are 
expressed as effective pore-throat radii. 

Methane injection was used on plug samples 
that could be adequately sealed in a Hassler 
sleeve. In these tests, a brine-saturated 
(50 000 ppm NaCl, 5000 ppm CaCl) core plug 
was put under 20.7 MPa (3000 psi) hydrostatic 
confining pressure and methane was applied to 
one end. The methane pressure was increased in 
a stepwise fashion to simulate the build-up of 
hydrocarbon buoyancy pressure adjacent to a 
seal. The pressure at the first appearance of 
methane on the downstream end of the plug is 
considered the capillary breakthrough pressure 
of the fault zone. These tests were terminated 
either at methane breakthrough or when the 
applied methane pressure was equal to the con¬ 
fining pressure, in which case only a minimum 
breakthrough pressure could be determined. 

Samples that could not be satisfactorily 
plugged were tested using high-pressure mercury 
injection. In these tests, the samples were uncon¬ 
fined and mercury could generally enter the 
sample from all directions. Therefore, these 
tests measure the pore-throat population of 
both the fault zone and any undeformed host 
rock adjacent to it. As a result, interpretation 
of the fault-zone capillary properties is less 
straightforward than in the case of methane 
injection. Figure 7a illustrates the basis for inter¬ 
pretation of composite plugs (sandstone + fault 
zone). Three samples from the same depth inter¬ 
val within one drill-core of Nugget Sandstone 
were tested, one consisting of unfaulted sand¬ 
stone, a second cut entirely from a zone of com¬ 
plex deformation bands, and a third composed of 
sandstone transected by a complex deformation 
band. Changes in curve slope indicate significant 
increases in mercury saturation at 0.4 and 
3.4 MPa (60 and 500 psi) for the sandstone and 
fault-zone samples, respectively. These pressures 
are interpreted to be the capillary entry pressures 
of the sandstone and fault zone, and correspond 
to pore-throat radii of approximately 2 and 
0.2 /im. The mercury injection curve for the 
compound sample shows multiple bends, one at 
a pressure corresponding to mercury entry into 
the host sandstone and the other corresponding 
to entry into the fault zone. Dual inflections of 
this sort are observed on the mercury injection 
curves for other compound (sandstone + fault) 
samples. In these cases (e.g. Fig. 7b), the 
inflection at the smaller pore-throat radius is 
interpreted to correspond to the entry of mercury 
into the finer-grained fault-zone material. 

Several samples were tested using both mercury 
and methane injection in order to understand the 
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Fig. 7. Examples of capillary pressure data: (a) 
mercury injection data for three samples of Nugget 
Sandstone discussed in text; (b) data for three samples 
showing comparison between entry pressures (E) 
determined by mercury injection and breakthrough 
pressures (B) determined by methane injection. 


relationship between the information gained using 
both techniques. Figure 7a and b illustrate these 
comparisons. Pore-throat radii corresponding to 
non-wetting phase entry (mercury injection) into 
the fault zones are three to 20 times larger than 
those corresponding to non-wetting phase break¬ 
through (methane injection). Such disparity 
between the two techniques is not surprising for 
several reasons: (1) a greater uncertainty is asso¬ 
ciated with identifying the fault-zone entry pres¬ 
sures from the mercury-injection data (see 
above); (2) significant non-wetting phase satura¬ 
tion is typically required to form a connected 
fluid filament through the sample before break¬ 
through occurs (Schowaiter 1979; Katz & Thomp¬ 
son 1987); (3) the higher confining pressure 
(20.7 MPa) used in the methane injection tests 
could have caused pore-throat collapse relative 
to the samples used for mercury injection; and 
(4) the samples (especially the clay-matrix gouge 
zones) are anisotropic and it is likely that the high¬ 
est capillary pressures would be required for non¬ 
wetting phase breakthrough across the fault 
zones. Despite these data quality limitations, the 
results are believed to be sufficient for identifying 
order-of-magnitude differences between similarly 
analysed samples within the dataset. 

Measured fault-zone pore-throat radii corre¬ 
sponding to non-wetting phase entry (small 
symbols) and breakthrough (large symbols) are 
plotted as a function of sandstone and fault- 
zone composition in Fig. 8. Measured values 
span more than three orders of magnitude, with 
an overall trend of decreasing pore-throat radii 
as a function of decreasing sandstone quartz con¬ 
tent and increasing fault-zone phyllosilicates. 
The contrast between capillary entry and 
breakthrough pressures for materials of equiva¬ 
lent composition clearly shows up on these 
plots. The general distribution of the data in 
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100 x qtz / (qtz+fsp+phyl+lithic) 100 x phyl. / (qtz+fsp+phyl) 

in sandstone (point count) in fault zone (XRD) 


Fig. 8. Effective pore-throat radii of fault zones as a function of (a) sandstone composition and (b) fault-zone 
composition. Symbols as in Fig. 1. Arrows connected to some symbols indicate that these are maximum values. 
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Fig. 8 is similar to that of the permeability data: 
cataclastic deformation bands have the largest 
pore-throats, complex deformation bands and 
clay-matrix gouge zones have the smallest pore- 
throats, and solution deformation bands have 
intermediate values. 


Discussion 

Ranges of permeability (k) and effective pore- 
throat radius (R) for clay-matrix gouge zones 
and the various types of deformation bands are 
summarized in Fig. 9. These results show that 
the fluid-flow properties of quartz-phyllosilicate 
fault gouge depend on the gouge composition 
and deformation mechanisms involved in its 
formation. Clay-matrix gouge zones, derived 
from phyllosilicate-bearing sandstones and con¬ 
sisting of more than c. 20 % phyllosilicates, 
have the smallest pore throats and lowest perme¬ 
abilities (k < 0.08 mD, R <C 0.3 ^m). The fluid- 
flow properties of deformation bands derived 
from quartzose sandstones are more variable 
(k = 0.008-9 mD, R — 0.02-10 pm) and show a 
strong dependence on deformation mechan¬ 
ism^). Within this compositional range, only 
those fault zones exhibiting evidence of both 
cataclastic and diffusive mass transfer processes, 
have fluid-flow properties comparable to those 
of the clay-matrix gouge zones. Specimens 
deformed by either individual deformation 
mechanism (cataclasis or diffusive mass transfer) 
have greater permeabilities and larger effective 
pore-throat radii. 



Air Permeability (md) 


Fig. 9. Summary plot showing ranges of fault-zone 
pore-throat radius and air permeability. Ruled portion 
of clay-matrix gouge zone field indicates pore-throat 
radii based on mercury injection; solid portion is based 
on methane injection tests. 


Seals for hydrocarbon entrapment 

In order to understand the implications of Fig. 9 
for long-term hydrocarbon seals, it is important 
to consider how much hydrocarbon column 
could be sealed by fault zones with various 
pore-throat radii. Capillary pressure equations 
presented by Schowalter (1979) can be manipu¬ 
lated to the form: 

H — 27(cos 0)/R(Ap) 

which expresses the maximum sealable hydro¬ 
carbon column height ( H ) as a function of seal 
pore-throat radius (R), hydrocarbon-brine 
interfacial tension (g 7 ), hydrocarbon-brine- 
solid contact angle (0), and in situ density differ¬ 
ence between the hydrocarbons and brine (Ap). 
This form of the equation assumes that the 
capillary properties of the reservoir rock can be 
neglected. Figure 10 is a plot of the equation 
shown above using input values appropriate for 
a gas and brine system at the temperature and 
pressure specified. Superimposed onto this plot 
are general domains corresponding to the pore- 
throat radius values determined in this study 
for cataclastic deformation bands and clay- 
matrix gouge zones. The clay-matrix gouge 
zones have pore-throats that are sufficiently 
small to seal gas columns of 270 m or more, 
whereas the deformation bands are unlikely to 
seal columns larger than 140 m. In situ hydro¬ 
carbon-brine interfacial tension values are 
likely to be somewhat lower than those predicted 



Fig. 10. Maximum sealable gas column height as a 
function of seal pore-throat radius for the specified 
physical conditions. Grey and stippled areas indicate 
ranges of each parameter for clay-matrix gouge zones 
and cataclastic deformation bands based on 
experimental data. Only the upper edge of the pore- 
throat radius range is shown for clay-matrix gouge 
zones; arrows indicate possible continuation of this 
field to smaller pore-throats and larger column heights. 
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based on laboratory interfacial tension data (see 
Firoozabadi & Ramey, 1988), which were used in 
the generation of Fig. 10. Therefore, under nat¬ 
ural sub-surface conditions, sealable column 
heights for the fault zones considered are likely 
to be closer to the low end of the ranges indi¬ 
cated. For different hydrocarbon-brine systems 
and different pressure-temperature conditions, 
the absolute column height values will change, 
although clay-matrix gouge zones should be 
able to seal significantly longer columns than 
cataclastic deformation bands under all condi¬ 
tions. 

Solution deformation bands and complex 
deformation bands are not considered in Fig. 
10. Complex deformation bands have very 
small pore-throat radii and could seal hydro¬ 
carbon columns comparable to those maintained 
by clay-matrix gouge zones. However, their 
occurrence cannot be predicted solely from 
rock compositional data. Pore-throat radii of 
solution deformation bands are intermediate 
between those of cataclastic bands and clay- 
matrix gouge zones (Fig. 9). Thus, they should 
have a correspondingly intermediate seal 
capacity. 

Previous studies of petroleum fields in 
siliciclastic sedimentary sections (Weber et al. 
1987; Smith 1980; Bouvier et al. 1989; Gibson 
1994; Fristad et al. 1996) have shown that the 
best fault seals exist where a phyllosilicate-rich 
fault zone is present across the faulted reservoir 
termination. In these field examples, the fault 
zones are typically formed by a 'shale-smear’ 


mechanism involving ductile deformation of 
shale beds intercalated with the reservoir sands 
(Fig. 11a). The clay-matrix gouge zones exam¬ 
ined in this study can be viewed as small-scale, 
natural models of these macroscopic fault 
zones, with the relatively ductile, phyllosilicate- 
bearing components of the sandstones playing 
the same role as the shale layers at a larger 
scale (Figs 4d and lib). At the macroscopic 
scale, shale-smear zones appear to form along 
faults cutting stratigraphic sections containing 
in excess of 15-30% shale (see Weber 1987; 
Lindsay et al. 1993; Gibson 1994; Fristad et al. 
1996). Similarly, the small-scale clay-matrix 
gouge zones examined here formed from sands 
containing more than 20-30% phyllosilicate- 
bearing components. The correspondence 
between the amount of phyllosilicate-rich 
material necessary for the generation of fault 
gouge with good sealing properties is striking, 
and supports the similarity of processes at two 
markedly different scales. 

One implication of the data presented here is 
that fault zones cutting through mineralogically 
immature sandstones can form high-quality 
seals, even where shale interbeds are not present. 
Knipe (1993) reached a similar conclusion and 
illustrated the microstructural change associated 
with development of a fault rock similar to the 
clay-matrix gouge zones discussed in this paper. 
Figure 12 is a schematic cross-section that 
illustrates one case where the presence of sand¬ 
stone-derived, clay-matix gouge zones could 
be important. The cross-section shows two 



Fig. 11. Comparison of (a) ‘shale-smear’ mechanism of phyllosilicate-rich fault zone formation from interbedded 
sands and shales (black) with (b) formation of clay-matrix gouge from sandstone containing phyllosilicate-bearing 
fragments (black). Figure (a) modified from Weber et al. (1978). 
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Fig. 12. Schematic cross-section showing 
phyllosilicate-rich fault zone distribution in siliciclastic 
sequences containing mineralogically mature sands 
(top) and immature sands (bottom). Shale beds are 


normal-fault traps, the shallower one involving a 
quartzose sandstone and the deeper one invol¬ 
ving a mineralogically immature sandstone. For 
the shallower trap, the spatial extent of a sealing 
phyllosilicate-rich fault zone includes only that 
portion of the fault along which a shale smear 
is developed (A-B in Fig. 12). Between B and 
C (Fig. 12), the fault zone is likely to consist 
solely of deformation bands derived from the 
quartzose reservoir sandstone. Because of the 
relatively large pore-throats of most deformation 
bands, the potential hydrocarbon column that 
can be sealed in this trap will probably be limited 
by a spill point near the base of the shale smear 
(point B). For the deeper reservoir, however, a 
phyllosilicate-rich fault zone will exist along the 
entire fault termination of the sandstone, even 
where no shale has been displaced along the 
fault (below D, Fig. 12). Thus, no cross-fault 
spill point exists for this trap, and there is poten¬ 
tial to seal a longer hydrocarbon column than in 
the shallower sandstone. Thus, for a specified 
fault displacement, fault seals are likely to have 
greater spatial continuity in siliciclastic sections 
composed of mineralogically immature sand¬ 
stones than in sections containing quartzose 
sandstones. 


Seals for hydrocarbon production 

From the perspective of hydrocarbon production 
from a sandstone reservoir, the most important 


facet of the fault zones discussed in this paper 
is that they are of lower permeability than the 
sands from which they are derived (see also 
Aydin 1978; Pittman 1981; Nelson 1985, Anto- 
nellini & Aydin 1994; Fowles & Burley 1994). 
The presence of planar zones of low permeability 
in an otherwise permeable reservoir will influence 
both the overall (bulk) reservoir permeability 
and the permeability anisotropy. Permeability 
parallel to a dominant fault set will be an arith¬ 
metic (thickness-weighted) average permeability 
(Amyx & Bass 1962). Since the fault zones are 
generally thin, this value will be dominated by 
sandstone permeability and will probably be 
only slightly lower than that of the undeformed 
sandstone. In contrast, flow across the faults 
will be controlled by a harmonic average perme¬ 
ability (Amyx & Bass 1962) calculated from the 
permeabilities of the sandstone and fault zones. 

Figure 13 illustrates how a harmonic average 
permeability depends on the proportion of the 
flow path composed of fault-zone material and 
the permeabilities of the two components. One 
of the things evident in this diagram is that 
as little as 10% low-permeability fault-zone 
material along a flow path can result in dramatic 
bulk permeability reduction. The degree of 
permeability reduction (i.e. number of times 
reduction) varies depending on the permeability 
values of the host sandstone and fault zone. 
Therefore, the presence of fault zones of an arbi¬ 
trary permeability (e.g. 1 mD) will have a much 
more damaging effect on the flow characteristics 
of a high-permeability reservoir than of a low- 
permeability one (compare solid and dotted 
curves. Fig. 13). In addition, the lower the perme¬ 
ability of the fault zone cutting a given sand¬ 
stone, the greater the degree of permeability 



% fault zone along flow path 

Fig. 13. Effect of low permeability fault zones on bulk 
permeability of a reservoir along a linear flow path. See 
text for discussion. 
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reduction (compare dotted and dashed curves, 
Fig. 13). 

Because of relative permeability effects, the 
amount of fault-related permeability reduction 
implied by the test results presented in this 
paper may underestimate those in a sub-surface 
hydrocarbon reservoir. At a given elevation in 
a hydrocarbon column, the contrasting capillary 
properties of the sandstone and fault zone (e.g. 
Fig. 6a) will cause the fault zones to either have 
no hydrocarbon saturation (if the buoyancy 
pressure in the hydrocarbon column is less than 
the fault-zone entry pressure) or lower saturation 
than the undeformed sandstone (if the hydro¬ 
carbon buoyancy pressure exceeds the fault- 
zone entry pressure). In the case of zero fault- 
zone saturation, which is likely for clay-matrix 
gouge zones and complex deformation bands, 
the fault-zone permeability will be effectively 
zero, producing a no-Bow barrier within the 
reservoir. In cases where the fault zone is 
partially hydrocarbon saturated, the reduced 
saturation relative to the undeformed sandstone 
will result in greater effective permeability con¬ 
trast between the sandstone and fault zone than 
indicated by the specific permeabilities presented 
here. This effect should increase the impact of 
the faults on the bulk reservoir permeability, 
although partially hydrocarbon-saturated fault 
zones may remain somewhat permeable and 
serve as only partial flow barriers. 

In addition to the potential effects outlined 
above, the overall influence of faults on produc¬ 
tion behavior will also depend on the spatial fault 
distribution within the reservoir, including fault 
interconnectivity and clustering (e.g. Watterson 
et al. 1995; Manzocchi et al. 1998; Walsh et al. 
1998). If the faults are widely distributed 
throughout the reservoir, the effect may be a gen¬ 
eral permeability reduction, possibly in conjunc¬ 
tion with a significant permeability anisotropy. 
On the other hand, fault-related deformation 
localized into narrow zones of sufficient thick¬ 
ness could produce discrete permeability barriers 
that prevent effective hydrocarbon drainage 
from portions of the reservoir. 


Conclusions 

An understanding of the nature and fluid-flow 
properties of sandstone-derived fault zones is 
necessary for evaluation of hydrocarbon entrap¬ 
ment and production patterns in faulted 
sandstone reservoirs. This study of naturally 
deformed sandstones from various areas shows 
that deformation of quartzose sandstones results 
in deformation bands, whereas faulting of 


mineralogically immature sandstones produces 
clay-matrix gouge zones. Clay-matrix gouge 
zones generally have lower permeabilities and 
higher capillary displacement pressures than 
deformation bands. These fluid-flow properties 
are largely dependent on rock composition, but 
show a superimposed influence of deformation 
mechanism, especially in the case of deformation 
bands. 

Most deformation bands have capillary proper¬ 
ties sufficient to maintain only small hydrocarbon 
column-height differences across them, whereas 
clay-matrix gouge zones can potentially seal 
hydrocarbon columns with heights of several hun¬ 
dred metres. However, both the low-permeability 
deformation bands and clay-matrix gouge zones 
can potentially influence fluid-flow patterns 
within a producing reservoir, although the magni¬ 
tude of these effects will depend on the spatial 
distribution and abundance of faults and the per¬ 
meabilities of the fault zones and undeformed 
sandstone. 

X-ray diffraction analyses were conducted by G. 
Powers of the Amoco Exploration and Production 
Technology Group. Permeability and capillary pres¬ 
sure tests were done at Core Laboratories (Tulsa, 
OK, and Carrollton, TX), K&A Laboratories (Tulsa, 
OK), and Petrotech Associates (Houston, TX). 
Outcrop samples from Myanmar were provided by 
S. Serra. The Amoco Exploration and Production 
Technology Group is thanked for permission to 
publish this paper. Helpful reviews of the manuscript 
were provided by R. J. Knipe and R. A. Nieuw. 
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Abstract: Single-phase horizontal bulk permeabilities for 3 km x 3 km volumes of varying 
thickness of a typical Brent permeability sequence have been calculated, both before and 
after faulting by a range of sub-seismic fault arrays, with maximum fault displacements of 
20m-2m. The models incorporate realistic juxtaposition geometries across fault surfaces. 
Results are expressed in terms of fractional bulk permeabilities ( Kf ), i.e. ratio of bulk 
permeability of faulted model and of pre-faulting model. Fault and fault array variables 
modelled and tested were fault density, spatial distribution, orientation distribution and 
fault zone permeability relative to the host rocks, expressed as transmissibility factor ( Tf ). 
Realistic fault zone thicknesses were incorporated by use of a scaling factor. Low, moderate 
and high fault densities have significant and markedly different effects on Kf whereas the 
effects of spatial and orientation distribution variations are slight except at very low Tf 
values {Tf < 0.001). The relative insignificance of fault spatial distributions is due to closer 
fault spacing resulting in locally high hydraulic gradients which increase flow through fault 
surfaces unless these surfaces have very low Tf values. Prediction of fault zone hydraulic 
properties remains the most important factor contributing to modelling uncertainties. 


The degree to which flow in a reservoir is likely to 
be influenced, either positively or negatively, by 
the presence of a population of sub-seismic 
faults is crucial to development decisions for 
some reservoirs (Sassi et al. 1992; Gauthier & 
Lake 1993; Omre et al. 1994). Quantification of 
the likely effects of sub-seismic faults can be 
helpful not only where significant effects are 
likely but also where it can be demonstrated 
that the effects are likely to be insignificant and 
that the causes of production problems should 
be sought elsewhere. 

The possibility of assessing the effects of sub- 
seismic faults arises from recent developments 
in methods of prediction of sub-seismic fault 
numbers and sizes by extrapolation from the 
seismically imaged fault population (Sassi et al 
1992; Yielding et al 1992; Gauthier & Lake 
1993; Munthe et al. 1993). However, in addition 
to numbers and sizes there are other attributes of 
fault arrays which are, or could be, significant in 
modifying flow; these include orientation distri¬ 
bution, spatial distribution and the hydraulic 
properties of the fault surfaces, or fault zones. 
Our aim has been to determine which attributes 
of sub-seismic fault arrays are of most signifi¬ 
cance to flow and, by implication, which attri¬ 
butes are of little significance. The results can 
then be used to limit the problem of attribute 
definition and modelling by concentrating effort 
on those attributes of most significance. 

A principal concern in undertaking this work 
was the problem of predicting spatial distributions 


of sub-seismic fault arrays, because there is no 
satisfactory distribution model on which to base 
either deterministic or stochastic predictions 
(Gillespie et al. 1993). We report here on the 
results of testing a variety of spatial distributions 
for sub-seismic fault arrays of low, moderate 
and high densities. Fault sizes within the modelled 
arrays range from 20 m to 2 m maximum displace¬ 
ment on individual faults, which is below the 
effective limit of seismic resolution for most 
North Sea reservoirs (Badley et al. 1990; Walsh 
et al 1994). 

Flow simulation was carried out using the 
HOMPER (HOMogenization of PERmeability) 
routines for simulating single-phase flow, using 
a finite difference method, provided by the 
Norwegian Computer Center SAND Group 
(Holden et al. 1990). 

Results are expressed in terms of the fractional 
effective permeability (Kf) of a reservoir volume 
of 3 km x 3 km x (variable thickness) where 
Kf— effective permeability of the faulted 
volume/effective permeability of the volume 
without faults. Kf was calculated for a range of 
models with specified fault array attributes and 
each model was tested with a full range of fault 
surface hydraulic properties, expressed as 
transmissibility factor (Tf), which is varied 
from 1.0 to 0. We use the term ‘effective per¬ 
meability’ to refer to the bulk or mass or 
averaged or homogenized permeability of a het¬ 
erogeneous volume, even though the flow 
referred to is single phase. 


Walsh, J. J., Watterson, J., Heath, A., Gillespie, P. A. & Childs, C. 1998. Assessment of the effects of sub- 
seismic faults on bulk permeabilities of reservoir sequences. In: Coward, M. P., Daltaban, T. S. & Johnson, H. 
(eds) Structural Geology in Reservoir Characterization. Geological Society, London, Special Publications, 127, 
99-114. 
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Fig. 1. Brent and Upper Brent permeability 
sequences used in model construction. 


Model construction 

The permeability structure used in most models 
is based on a simplified Brent sequence, 160 m 
thick, but one model is based on the lower 


net:gross Upper Brent sequence, 73m thick 
(Fig. 1). Use of layer-cake versions of the sequence 
undoubtedly results in some over-simplification 
but also means that the effects of different fault 
arrays are directly comparable. To maintain 
comparability between models, only sub-seismic 
faults have been included in the models, although 
individual seismically imaged faults would usually 
be explicitly modelled in reservoir simulations. 

Realistic tectonic fault-related horizon geo¬ 
metries were added to the model using the 
method given in Gibson et al. (1989) implemen¬ 
ted by an in-house reservoir modelling system, 
FaMOUS. Fault surfaces are elliptical with 
aspect ratios of 2:1 and with maximum displace¬ 
ments at the centres reducing approximately 
linearly (Rippon 1985; Walsh & Watterson 
1987; Cowie & Scholz 19926; Scholz et al 1993) 
to zero at tip-lines (Fig. 2). Realistic juxta¬ 
position geometries across fault surfaces are 
calculated by partitioning of displacements 
between hangingwall subsidence and footwall 
uplift in the ratio 2:1, which is a good approxi¬ 
mation for tectonic faults (Gibson et al 1989). 
For the purpose of this study, precise modelling 
of displacement partitioning is not required. 
Modelled faults are vertical but this simplifica¬ 
tion has an insignificant effect on flow if the 
fault displacement is taken as equivalent to the 
throw on a typical steeply dipping tectonic 
fault. For model construction, fault size is 
expressed as maximum displacement ( D ) and 
maximum dimension of the fault surface ellipse. 
Most of the results presented are for models in 
which all faults are parallel. 



Fig. 2. Cellular volume model showing modelled fault displacements with partitioning of displacement between 
footwall uplift and hangingwall subsidence giving realistic juxtaposition geometries across the fault surface. 
Upper and lower parts of the elliptical fault surface are not shown in this view. 
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A fault system, or array, is defined in a model 
by the number of faults of given sizes, their 
distribution and orientation. In addition, fault 
surfaces, or fault zones, are assigned Tf values 
and within each model all faults were assigned 
the same Tf value. Tf = 1.0 is equivalent to the 
fault surface, or fault zone, having the same 
permeability as the adjacent matrix and Tf — 0 
is equivalent to an impermeable or sealing fault 
surface (Omre et ai 1994). Each individual 
fault is defined by its size, orientation and loca¬ 
tion (x,y,z) of the centre of the fault surface. 
The effects of flow-enhancing fractures, where 
Tf > 1.0, are not considered. 


Sub-seismic fault population modelling 

Fault size definition 

Fault size can be measured or expressed in a 
number of ways and the parameter used depends 
on the sampling domain (Marrett & Allmendin- 
ger 1991; Yielding et ai 1992). If the sampling 
domain is one-dimensional (ID) (line sampling), 
size can be expressed only as displacement at the 


point on the fault surface intersected by the 
sample line. With two-dimensional (2D) sam¬ 
pling (maps, sections), fault size can be expressed 
either as maximum displacement on the fault 
trace or as the fault trace length. In the three- 
dimensional (3D) domain, fault size can be 
expressed either in terms of maximum displace¬ 
ment on the fault surface, maximum dimension 
of the fault surface or as fault surface area. The 
various size parameters are not independent 
variables so one can be derived from another 
(Marrett & Allmendinger 1991), although the 
derivation is subject to some uncertainty because 
there is no consensus defining the detailed 
relationships between the various parameters 
(Cowie & Scholz 1992 a; Gillespie et al 1992; 
Dawers et al. 1993). 

It is agreed, however, that for many fault systems 
each size parameter has a power-law, or fractal, 
scaling law so that by extrapolation of the straight 
line plot derived from seismic data, a sub-seismic 
population can be derived for the plotted param¬ 
eter (Yielding et al 1992). The slopes of the straight 
lines, or power-law exponents, for a given fault 
population vary systematically according to 
which parameter is plotted (Fig. 3). Two practical 


a) 


b) 




Maximum throw (m) 


Fault trace length (km) 


Fig. 3. (a) Maximum fault throw and (b) fault trace length population curves for three fault datasets and for 
low-, moderate- and high-density fault models. Cumulative fault density is the cumulative number of faults with 
maximum throws or trace lengths greater than a given size value, per km 2 . Datasets are for a N North Sea oil 
and gas reservoir (light broken line), S North Sea gas reservoir (heavy broken line) and S Yorkshire coal-field 
(solid line). Model populations are low (open circles), moderate (filled squares) and high (crosses) density with 
maximum throws from 20m-2m and trace lengths 1650m-350m. The model population curves have steep 
right-hand segments because of random sampling of power-law populations which extend to larger fault sizes. 
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modelling problems arise from these population 
domain systematics. The first problem is that the 
parameters which can be measured, and therefore 
directly predicted, are either ID or 2D but the 
model input required is 3D, i.e. maximum dis¬ 
placement on a fault surface. Derivation of the 
3D parameter values from either ID or 2D data 
inevitably increases the uncertainty. The second 
problem arises from the fact that, given a maxi¬ 
mum displacement on a fault, the fault surface 
dimensions must be derived using the, uncertain, 
relationship between maximum displacement and 
dimensions (Cowie & Scholz 1992a; Gillespie 
et al. 1992; Dawers et al 1993). As flow is likely 
to be sensitive to total fault surface area, the uncer¬ 
tainties in the derived dimensions must be assessed 
in terms of their resulting uncertainties in flow. In 
order to reduce these uncertainties we have used a 
combination of 3D (maximum displacement) and 
2D (maximum fault surface dimension) size attri¬ 
butes to generate the models. 

Fault trace length population power-law 
exponents determined from fault datasets are 
generally within the range -1.3 to —2.0 (Yielding 
et al. 1992) and trace maximum displacement 
population exponents within the range —1.0 to 
— 1.4. Our model fault populations are based 
on a trace length exponent of —1.5 with a trace 
maximum throw population of —1.0, which is 
at the lower end of the observed range. Because 
flow is likely to be more sensitive to fault dimen¬ 
sions than to maximum throw, because across- 
fault juxtapositions are relatively unimportant 
for faults of the size range considered (see Results 
section), more priority is given to correct 
dimensional input rather than to correct dis¬ 
placement values. The maximum throw and 
trace length populations used in construction of 
low-, moderate- and high-density fault array 
models are shown in Fig. 3 together with popula¬ 
tions derived from data from a Northern North 
Sea reservoir (low density; Clausen et al 1994), 
a Southern North Sea gas reservoir (high density) 
and the Yorkshire coal-field (low density; 
Watterson et al. 1996). 

Examples of fault trace maps of the modelled 
fault arrays with low, moderate and high densi¬ 
ties are shown in Fig. 4; for a 3 km x 3 km area 
these densities correspond to 18, 57 and 180 
faults, respectively, in the 20m-2m maximum 
displacement size range. 


Spatial distribution 

The spatial distribution of a predicted sub- 
seismic fault size population is difficult to 
model because the systematics of fault spatial 


distributions have not been determined even for 
parallel fault arrays (Gillespie et al. 1993). We 
know of no result which would permit deter¬ 
ministic modelling of the locations of sub-seismic 
faults, in either ID, 2D or 3D, so stochastic 
modelling is necessary. Recent work does not 
support claims that fault patterns are fractal 
(Gillespie et al. 1993; Odling 1992; Walsh & 
Watterson 1993) but it is obvious from inspec¬ 
tion of fault maps that faults are usually irregu¬ 
larly spaced, at least in 2D. Some individual 
fault system attributes, e.g. size population, 
may be fractal even though the fault pattern, 
which is the result of several independent attri¬ 
butes, is not fractal (Gillespie et al 1993). The 
idea that fault distributions are characterized 
by some degree of clustering, perhaps modified 
by repulsion, has a long history arising from qua¬ 
litative observations of many small faults being 
spatially associated with larger faults, and fault 
clustering along ID sample lines has been 
demonstrated quantitatively (Gillespie et al 
1993). Clustered fault array models have been 
created according to formal clustering criteria; 
if required, the distributions can be conditioned 
on the locations of known, i.e. seismically 
imaged, faults. Clustered distributions, in 2D, 
were obtained using the correlated Levy 
method in which power-law size populations 
are distributed by a series of sequential power- 
law jumps to define locations and which create 
a fractal clustering; this method is a modification 
of the Levy dust structure of Mandelbrot (1982). 
From a single randomly positioned seed point, 
faults are positioned sequentially relative to the 
previous fault using ‘jump’ and ‘anisotropy’ 
ratios. ‘Correlated’ refers to the correlation of 
jump length with size of the previous fault. The 
jump ratio defines the jump length as a propor¬ 
tion of the horizontal dimension of the previous 
fault, and determines the distance from a ran¬ 
domly chosen point on the trace of the previous 
fault to the centre point of the new fault trace. 
The anisotropy ratio is the ratio between the 
mean jump distance parallel to the fault traces 
and the mean jump distance normal to the fault 
traces. To create an isotropic system the direc¬ 
tion in which the new fault is positioned relative 
to the previous fault is chosen randomly, but an 
anisotropic system can be created by applying an 
anisotropy ratio when selecting the direction. 
Anisotropy ratios are axial ratios of nominal 
ellipses which represent the degree of departure 
from the isotropic distribution as represented 
by a circle. Reduction in jump ratio and increase 
in anisotropy ratio, within individual fault clus¬ 
ters, result in a decreasing mean fault-normal 
distance between neighbouring faults relative to 
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Fig. 4. Typical low-, moderate- and high-density model fault array maps (a)-(c), all moderately clustered, for 
3 km x 3 km models. Below each map is its aggregate displacement profile (Z) agg ). Modelling was performed 
mainly on array realizations meeting the regular aggregate displacement profile criterion (see text). 


mean fault trace length. Jump ratios of 0.3 and sizes of faults have vertical surface dimensions 

0.5 and anisotropy ratios of 3.33 and 2.0 were greater than model thicknesses. A very slight 

applied to create strongly and moderately clus- edge effect on juxtaposition geometries towards 

tered arrays, respectively, in both of which sue- the upper and lower model boundaries has 

cessive faults usually overlap along strike. Fault negligible effect on the flow results. Examples 

centre positions lying outside the model lateral of clustered and randomly distributed arrays of 

boundaries are rejected, which results in a moderate fault density are shown in Fig. 5. To 

boundary effect of slightly reduced fault density. obtain 3D clustering the procedure can be 

Sub-seismic faults can be conditioned on known modified to define also the elevations of fault 

seismically imaged faults by repeated seeding centres. Random fault distributions were used 

from traces of seismic faults. Because the cluster- as bench-marks against which clustering effects 

ing procedure used is 2D, fault centres are all could be assessed. 

located on the horizontal mid-plane of the mod- Further conditioning of some of the models 
elled sequences; this has little effect on flow as all was achieved by testing the shapes of aggregate 
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Fig. 5. Examples of (a) moderately clustered, (b) highly clustered and (c) randomly distributed fault array maps 
of moderate density arrays for 3 km x 3 km models which meet the regular aggregate displacement (D agg ) 
profile criterion. See text for clustering parameters applied to (a) and (b). (d) An example of a highly clustered 
moderate-density array with an irregular aggregate displacement profile (Ai gg ) which does not meet the 
criterion for regular aggregate displacement profiles (see text). 


displacement profiles which for real fault systems 
are known to have fairly regular forms (Muk- 
herjee 1979; Walsh & Watterson 1993). Model 
arrays were conditioned by aggregate displace¬ 
ment profiles by selecting from numerous 
realizations only those for which the minimum 
aggregate displacement along a profile was 
>15% of the maximum aggregate displacement 
on the profile. The model arrays shown in Fig. 4 
have acceptable aggregate displacement profiles, 


in contrast with the non-conditioned profile 
shown in Fig. 5d. 


Property models and flow models 

Geological surface models are converted to 
property models by cellularization of the model 
volume using eight-corner point cell definition 
(Flint et al. 1995). As corner points are not 
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constrained to lie on grid-nodes, a property 
model honours the geological surface model 
exactly, except where curves are represented by 
a series of straight segments corresponding to 
edges or surfaces of cells. In practice this cellular- 
ization is carried out prior to imposing the fault 
displacement fields. 

The only volume property of concern here is 
the permeability tensor; values were assigned to 
each of the cells according to the permeability 
sequence in Fig. 1. The same values were 
assigned to the x, y and z directions in a cell. 
Although the property models could be used as 
flow models without modification, the negative 
effects of numerical dispersion associated with 
the irregular cells of a geological model outweigh 
the benefits of geometrical precision. The prop¬ 
erty models were therefore sub-sampled onto a 
regular lattice to produce flow models with 
orthorhombic cells. For standard 3 km x 3 km 
area flow models, resolutions were varied from 
40 m to 20 m, in x and y, and from 0.5 m to 
2m in z, so typical models comprised c. 3.5 
million cells. 

A disadvantage of using orthorhombic cells is 
that for the sizes of model used, fault zone thick¬ 
ness cannot be correctly represented because a 
resolution of c. 1 m would require models with 
c . 10 9 cells. Because of the way in which flow 
simulation software operates, a fault zone thick¬ 
ness is implicitly represented even where a fault is 
simply represented in the flow model as a surface, 
with attached Tf value, between adjacent cells. 
This implicit representation of fault zone 
thickness arises because the Tf value assigned 
to an inter-cell fault surface is attached to a 
notional gridblock spanning the surface; the 
raw results are therefore highly dependent on 
model resolution. 

As a rule of thumb, fault zone thickness at a 
point on a fault surface can be taken as one to 
two orders of magnitude less than the dis¬ 
placement, with zone thicknesses varying by 
approximately one order of magnitude between 
20 m faults and 2 m faults (Robertson 1983; 
Hull 1988; Knott 1994; Flint et al. 1995). 
For 2m-20m maximum displacement faults, 
thicknesses are therefore c. two orders of 
magnitude less than can be represented directly 
in a model with 30 m lateral resolution. This 
problem was overcome by applying a scaling 
technique whereby the modelled thickness 
of a fault zone is effectively decreased by 
reducing the fault surface Tf value (Flint et 
al. 1995). 

To express these wide variations of fault zone 
thickness, two additional abscissa (Tf) scales 
are given for several figures (e.g. Fig. 7), one 


showing values appropriate to the lower end of 
the fault zone thickness range and the other for 
the upper end of the range. Using these scales 
the Tf value is equivalent to the ratio of fault 
zone permeability to host rock permeability, 
which we refer to as the permeability ratio. 
Fault rocks commonly have permeabilities 
some orders of magnitude less than those of the 
host rock sandstones, and permeability ratios 
range down at least to 0.0001 (Antonellini & 
Ay din 1994; Fowles & Burley 1994; Flint et al. 
1995). Indirect evidence, from seismically 
mapped faults and pressure and/or production 
data, shows that sealing faults are relatively 
common, but in many of these cases the zero 
transmissibility is due, at least partly, to juxta¬ 
position effects rather than being due entirely to 
fault zone hydraulic properties. 


Flow modelling 

HOMPER routines apply a finite difference 
method to calculate the effective permeability 
of a prismatic volume containing an unlimited 
number of orthorhombic gridblocks, each of 
which is assigned permeability values in x, y 
and z directions (Holden et al. 1990). Boundary 
conditions are defined by a pressure value of 
1.0 applied over the upstream and zero over the 
downstream end of the prism, with no flow 
through other prism surfaces. Flow simulation 
results are given only for flow in the x direction 
of each model, normal to the strike of the 
modelled faults, and the ratio of the effective 
permeability values before and after insertion 
of a sub-seismic fault array gives the Kf value 
for each model. 

The concept of ‘homogenization 5 of a reser¬ 
voir volume has limitations. Substitution of a 
heterogeneous volume with a single valued 
homogeneous volume should, ideally, repro¬ 
duce exactly the effect of the heterogeneous 
volume on flow within a larger volume 
model. Larger scale heterogeneities should 
therefore be upscaled only within an appropri¬ 
ately large volume or by application of global 
optimization techniques. In practice, a valid 
homogenization of an area of 3 km x 3 km 
should not include fault surfaces longer than 
approximately 1.5 km or even less if they are 
close to the upstream or downstream prism 
faces, so that each end of the upscaled prism 
is isobaric. As this last requirement is a 
boundary condition of a HOMPER experi¬ 
ment, we are unable to test the extent to 
which our models conform with natural 
boundary conditions. 
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Fig. 6. Fractional permeability versus connectivity, for a model with a single through-going fault offsetting a 
single flow unit across the width of the model and transverse to the flow direction; the fault entirely offsets the 
flow unit when the connectivity is zero. The effective permeability increases with an increase in model length in 
the flow direction. Model dimensions in y and z are 2 km and 220m respectively, and variable in x. Cell 
dimensions are 20 m in * and y and 10 m in z. 


Results 

System dependency 

All results are expressed as fractional permeabil¬ 
ity (Kf), values of which vary from 1.0 to zero 
with increasing negative fault effects on flow. 
Rvalues >1.0 can occur when faults increase 
connectivity by connecting originally isolated 
high permeability volumes, e.g. sand channels, 
but this does not occur in our layer-cake 
models. Kf values are highly dependent on 
system parameters, principally model resolution, 
so results have to be assessed with this depen¬ 
dency in mind. For simple models with a single 
fault offsetting a single flow unit across the 
width of the model, Kf values are dependent 
both on the model lengths in the flow direction 
(x) and on model resolution, except for con¬ 
nectivities of 1.0 and 0.0. The shorter the model 
the lower the value of Kf for a given connectivity 
(Fig. 6). There is a markedly non-linear relation 
between fault offset (connectivity) and Kf 
values (Fig. 6; Omre et al. 1994). 

For a given model resolution there is a simple 
relationship between a Tf value assigned to 
an inter-cell surface and a permeability value 
assigned to a layer of cells explicitly representing 
a fault zone. A Tf value of 0.1 is equivalent to 
assigning a Kf value to the fault zone cells 
which is one order of magnitude less than that 
of the matrix cells. A Tf value of 0.1 is also 
usually equivalent to 90% of the fault surface 
being assigned zero permeability and 10% 
assigned a value equal to that of adjacent 
matrix cells; this equivalence holds when the 


two extreme permeability values are distributed 
regularly or randomly on the fault surface and 
the surface is large relative to the cell dimensions. 
Definition of the scaling relationships between 
fault zone permeabilities and thicknesses on the 
one hand and gridblock resolution on the other 
allows results to be expressed as those which 
would be obtained by explicit representation of 
true fault zone thicknesses with appropriate 
permeability values assigned to the fault zone 
cells. The Tf values are then identical with 
those of the permeability ratios. 

We emphasize that these system dependencies 
are not peculiar to our systems or methods but 
apply to all flow modelling based on volume 
cells or gridblocks. Our method has been to 
keep system parameters constant and vary only 
the fault system attributes so that results can be 
directly compared. Unless stated otherwise the 
resolution, i.e. cell or gridblock dimensions, is 
30 m in x and y and 0.6 m in z, which gives 
reasonably good definition of juxtaposition geo¬ 
metries across all but the smallest faults, i.e. 2 m 
maximum displacement. The vertical dimensions 
of even the smallest faults are greater than the 
thickness of the reservoir sequences investigated. 
This method is both realistic and allows use of 
2D population systematics (Yielding et al. 
1992) that are directly comparable with popula¬ 
tions derived from seismic interpretations. 


Fault density effects - moderate clustering 

Figure 7 shows the changes in fractional per¬ 
meability for Tf values ranging from 1.0 to zero 
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Fig. 7. Fractional permeabilities versus Tf for (a) Brent and (b) Upper Brent sequences with low-, moderate- 
and high-density fault arrays (arrowed) with moderate clustering. The uppermost abscissa scale is the model 
scale for 30 m gridblock lateral dimensions, which implicitly ascribes fault zone thickness of 30 m. The two 
lower scales correspond to the upper and lower range of realistic fault zone thicknesses for the fault size range 
modelled. Fractional permeability values at Tf — 1 are due solely to the effects of juxtaposition geometries 
across the fault surfaces, which are greater for the lower net: gross Upper Brent sequence. 


for low-, moderate- and high-density sub-seismic 
fault arrays, each spatially distributed with 
moderate clustering. Figure 7a is for the Brent 
sequence and Fig. 7b for the Upper Brent 
sequence. 

At a Tf value of 1.0 the only effects on flow 
are due to juxtaposition geometries across fault 
surfaces, and Fig. 7a shows that, for the fault 
size range examined, the juxtaposition effects 
on flow within the Brent sequence are insignifi¬ 
cant. The effects are slightly more marked for a 
lower net’.gross sequence, such as the Upper 
Brent sequence (Fig. 7b), as would be expected. 
For Tf values <1.0 the Kf differences due to 
fault density differences become quite marked 
and absolute changes in Kf are very significant. 
Fractional permeabilities of the model volume 
are seriously reduced, i.e. by more than a factor 
of two, only at Tf values <0.01 for realistic 
fault zone thicknesses of between 2 m and 0.2 m 
(middle and lower scales). 


Fault clustering effects 

Three types of spatial distribution were modelled 
initially, i.e. strongly clustered, moderately 
clustered and randomly distributed. For each 
combination of fault density and spatial distri¬ 
bution, five conditioned realizations were tested 
and examples of the resulting fault arrays are 
shown in Fig. 5a-c. The results are shown in 
Fig. 8 and illustrate the relative unimportance 
of differences between the modelled spatial 
distributions. Differences between moderately 
and highly clustered arrays are trivial but their 
effects are only marginally greater than those of 
the random array even at Tf — 0. Density differ¬ 
ences within the expected range are of much 
greater significance than differences within the 
expected range of spatial distributions, as 
shown in Fig. 9a-c. 

The value of conditioning models on the basis 
of aggregate throw profiles is shown by results 
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Fig. 8. Fractional permeability versus Tf for moderately and highly clustered and randomly distributed fault 
arrays of moderate density in the Brent sequence, illustrated with (a) linear and (b) log ordinate scales. Even at 
Tf = 0, the flow property differences between the three types of array are small. For significance of multiple 
abscissa scales, see caption to Fig. 7. 


for 20 unconditioned models (Fig. 9d) which pro¬ 
duce a wider range of fractional permeabilities 
than otherwise similar, but conditioned, models 
(Fig. 9a-c). 

In order to test the effects of extreme cluster¬ 
ing, a fault array, originally with both moderate 
density and moderate clustering, was compressed 
to occupy, in one case, the central 1 km of the 
model and in another case the central 300 m of 
the model (Fig. 10). In some parts of the fault 
array shown in Fig. 10b and in most of that in 
Fig. 10c the faults are so closely spaced that, 
given the lateral seismic resolution at depths of 
2-3 km, i.e. >c. 50 m, the arrays would each be 
imaged as a single fault zone and no longer be 
sub-seismic. The resolutions, i.e. gridblock 
lateral dimensions, required for definition of 
individual fault surfaces in these very highly 
clustered models were achieved using high reso¬ 
lution 2D models with 1000 x 1000 x 1 cell 
arrays giving a lateral resolution of 3 m. 

Results of flow simulation of the high resolu¬ 
tion 2D models (Fig. 11) show that differences 


between extreme and moderate clustering are 
greatest, at about one order of magnitude, 
when fault surfaces are sealing, i.e. Tf = 0. The 
Kf differences are therefore approximately pro¬ 
portional to the fault spacings in the models, 
which also vary over one order of magnitude, 
i.e. the same array is distributed over model 
distances of 3 km, 1 km and 0.3 km in the three 
different models. For Tf — 1.0 there is, of 
course, no difference between the degrees of 
clustering because the fault surfaces have no 
effect on flow and there is no juxtaposition 
effect in 2D models. Differences between the 
models become apparent only where 
Tf < 0.001 and increase gradually towards 
Tf = 0. Increased upstream pressure adjacent 
to bottlenecks caused by close fault spacing 
results in an increased proportion of flow 
through fault surfaces, so far as this is possible. 
At values of Tf > 0.001 the proportion of flow 
through fault surfaces is so high that fault 
spacing has an insignificant effect. As diversion 
of flow through fault surfaces becomes less 
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Fig. 9. (a)-(c) Comparison of the effects on Kf of realistic fault density differences with those of realistic spatial 
distribution differences, for values of Tf from 1.0 to 0, showing the slight effects of spatial distribution 
differences compared with density differences. Results are shown for five realizations for each combination of 
density and spatial distribution, conditioned by aggregate displacement profile regularity, (d) Fractional 
permeability curves for 20 non-conditioned realizations (see example in Fig. 5d) of moderate-density, 
moderately clustered arrays. The range of results for these non-conditioned arrays is significantly greater than 
for conditioned arrays. For significance of multiple abscissa scales, see caption to Fig. 7. 


likely with decreasing Tf.\ the effects of fault 
spacing become progressively more pronounced 
until at Tf = 0 there is a near-linear relationship 
between fault spacing and fractional permeabil¬ 
ity. Even so, the difference in Kf between moder¬ 
ate and extreme clustering at Tf = 0 is no more 
than the differences between either low- and 
moderate-density or moderate- and high-density 


models. As the extreme degrees of clustering 
which have been modelled are beyond the 
expected range for natural fault arrays we 
conclude that, even where fault surfaces are 
perfectly sealing (Tf — 0), the difficulty of valid 
modelling of spatial distributions of sub-seismic 
faults is not of great practical consequence. 
This conclusion would not apply to modelling 
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Fig. 10. (a) Moderately clustered, moderate-density array distributed in 3 km x 3 km model, (b) Same array 
compressed into central one-third of model, i.e. 1 km. (c) Same array compressed into central one-tenth of 
model, i.e. 300 m. 


of well performance in a reservoir with fault 
surfaces of very low permeability where the well 
location relative to individual faults could be 
critical. 

The insignificance of even extreme spatial dis¬ 
tributions relative to fault density variations is 
due to the quite different ways in which each of 


these two variables affect the flow process. 
Whereas density differences have an approxi¬ 
mately linear effect on ^differences throughout 
the range of fault surface transmissibilities, 
spatial distribution differences result in strongly 
non-linear differences in Kf Moreover, the 
range of fault densities occurring in natural 
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Fig. 11. Flow simulation results for fault array models shown in Fig. 10, illustrated with (a) linear and (b) log 
ordinate scales. Differences become apparent only when Tf < 0.001 (3 m scale) and increase towards Tf = 0 
when the maximum difference between fractional permeabilities is about one order of magnitude; fault spacings 
also vary by an order of magnitude between least and most clustered arrays. For significance of multiple 
abscissa scales, see caption to Fig. 7. 
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Fig. 12. Fault trace maps for moderate-density, moderately clustered fault arrays with non-parallel faults. 
Standard deviation from parallelism is 5° in (a), 10° in (b) and 20° in (c). A near-continuous fault baffle is 
apparent in (b) and faults in (c) are continuous. 


fault systems has a much greater influence on Kf 
than does the normal range of spatial distri¬ 
butions. Only in an extreme case, in which 
perfectly sealing fault surfaces are contiguous 
and form continuous or near-continuous trans¬ 
verse baffles, would fault spacing represent a 
significant problem by compartmentaiization of 
a reservoir. In our parallel fault models this 
type of fault connectivity does not occur so a 
series of models with arrays of non-parallel 
faults were tested. 


Non-parallel fault arrays 

Strike directions were varied for a moderate- 
density and moderately clustered array by disper¬ 
sing strike directions about the original direction 
of parallel faults by standard deviations of 5°, 10° 
and 20°. The resulting arrays (Fig. 12a-c) have 
not been conditioned to provide the abutting 
intersections which would characterize a real 
fault array with splays, but are adequate for the 
purpose. Inspection shows that fault surface 
connectivity provides an almost continuous 
baffle even in the 10° model and a continuous 
baffle in the 20° model. Flow results (Fig. 13) 
are in keeping with the observations on fault 
continuity. The results indicate that orientation 
distribution is not significant except when 
Tf < 0.001 and is crucial when Tf = 0. Although 
the significance of fault continuity will be con¬ 
sidered in detail elsewhere, the differences in frac¬ 
tional permeabilities between highly connected 
fault arrays and parallel unconnected arrays are 
also small at Tf >0.001. The orientation dis¬ 
tribution and allied fault pattern characteristics, 
including the continuity of faults within an 
array, represent significant variables and further 
analysis of real fault systems is necessary before 
well-conditioned models can be generated. 


Discussion 

To what extent are the results of these simple 
models of practical interest? An obvious short¬ 
coming is the restriction to single-phase flow. 
Opinion on the significance of this restriction 
has been widely canvassed and the opinions 
expressed vary almost as widely. Our current 
view is that the conclusions concerning the 
limited effects of spatial distributions of faults 
would be much the same for multiphase flow 
except where the fault surfaces have very 
different relative permeabilities for the different 
phases. An obvious step would be to carry out 
multiphase flow simulations using the same 
models and this work is planned. However, we 
know of no published data on relative permeabil¬ 
ities of either fault rocks or fault zones. 

A more obvious limitation of the results is that 
they are expressed in terms of the fractional per¬ 
meability of a relatively large volume. This scale 
of model was chosen as representing the smallest 
volume for which results would be reproducible. 
Smaller models are each likely to give unique 
values because of the small lateral dimensions 
relative to the lateral dimensions of individual 
faults within the required size range; the concept 
of a fault population, of the given size range, 
cannot simply be applied to smaller areas. 
Nevertheless, the performance of a single well, 
or paired producer/injector, would clearly vary 
considerably according to the location within 
each model and our ‘average’ results would 
have little predictive value. However, given that 
spatial distributions will, for the foreseeable 
future, be stochastically rather than determini¬ 
stically modelled, a significant degree of 
uncertainty in well performance is inevitable. 
The best that is likely to be achieved in the near 
future is quantification of this uncertainty by 
varying well locations within models of the type 






112 


J. J. WALSH ET AL. 



I i — 1 1 1 l,m i- t -rn 

zero 0.00001 0.0001 0.001 0.01 1 


30m 

2m 

0.2m 


Transmissibility Factor (Tf) 



0 5 10 15 20 


Tf @> 30m 

- 

-0.1 

- 0.01 

— - 0.001 


Standard Deviation of Strike (degrees) —“ 0 


Fig. 13. Flow results for non-parallel fault arrays shown in Fig. 12. (a) Kf curves are provided for both flow in 
x (i.e. fault perpendicular) and in y (i.e. fault parallel). Curves are for parallel faults and for faults with strike 
directions varying about the direction of parallel faults with standard deviations of 5°, 10° and 20°. Note zero 
fractional permeability with Tf = 0 for fault array in Fig. 12c. For significance of multiple abscissa scales, see 
caption to Fig. 7. (b) Kf versus strike variation for different Tf values at 30 m gridblock lateral dimensions. 


we have used and this work is planned. However, 
our results indicate that this type of uncertainty 
is likely to be significant only where fault surfaces 
have low Tf values. 


Conclusions 

(1) On the scale examined and for realistic fault 
zone thicknesses, sub-seismic fault arrays 
have a significant effect on fractional per¬ 
meability only when fault surface Tf 
values are less than 0.01, i.e. when fault 
zone permeabilities are two to three orders 
of magnitude less than that of the matrix 
in which they are embedded. Scaling of 
flow results to take account of realistic 
fault zone thicknesses is necessary unless 
the model resolution is the same as the 
anticipated fault zone thickness. 


(2) Juxtaposition geometries across sub-seismic 
fault surfaces have an insignificant effect on 
flow. 

(3) Flow differences between low, moderate 
and high fault densities are pronounced. 
Differences between the effects of different 
fault densities are approximately linear 
throughout the full range of fault surface 
hydraulic properties. 

(4) Even with very low values of Tf differences 
between spatial distributions of parallel fault 
arrays have little effect on A/values for the 
range of fault spacings likely to occur in 
reservoirs. Differences in Kf values at 
Tf = 0 are approximately proportional to 
the fault spacing, but for other Tf values 
the effects are strongly non-linear due to 
the diversion of flow through fault surfaces. 

(5) The lateral dimensions of the models con¬ 
structed are too large for the results to be 
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applied to performances of individual wells 
or pairs of wells but are nevertheless the 
minimum size to which the concept of sys¬ 
tematic fault size populations can be 
applied. Well performance is expected to 
vary according to location within each 
stochastically modelled volume but such 
variation remains as an unavoidable, but 
nevertheless quantifiable, uncertainty. This 
uncertainty will increase as the Tf value of 
the fault surfaces decreases. 

(6) The uncertainty of prediction of fault sur¬ 
face hydraulic properties contributes more 
than all other factors combined to the 
uncertainty of flow modelling results. 

This paper includes part results of a project ‘Sensitivity 
analysis of depositional architecture versus faulting on 
effective connectivity in clastic hydrocarbon reservoirs’ 
funded by the Petroleum Science and Technology 
Institute (PSTI) Core Programme undertaken with our 
colleagues Steve Flint and Simon Knight and managed 
on behalf of PSTI by Alistair Fletcher, and also part 
results of EU research contracts JOU2-CT92-0182 
and MA2M-CT90-0040. We thank these colleagues, 
members of the Liverpool Fault Analysis Group and 
colleagues elsewhere for helpful discussion and advice, 
including Chris Farmer and Keith Rawnsley for helpful 
reviews. We also thank the Norwegian Computing 
Center SAND-group, Oslo, Norway, for providing 
source code for the HOMPER program and for 
discussion and advice. Acknowledgement is also due to 
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Reservoir characterization: how can anisotropy help? 
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Abstract: We present a brief review on the use of seismic anisotropy for reservoir charac¬ 
terization. Seismic anisotropy utilizes the concept of scattering interference from sub¬ 
wavelength heterogeneities and may provide a powerful tool for characterizing these 
heterogeneities. An ordered system of reservoir heterogeneity may display seismic anisotropy 
diagnosed by shear-wave splitting, and the polarization of the fast split shear-wave (qSl), the 
time delay between the two split shear-waves ( qSl,qS2 ), and the differential reflectivity at 
normal incidence may be used to quantify the heterogeneities. An example of field data 
obtained from a multicomponent seismic survey is presented to demonstrate how hydro¬ 
carbon production can be correlated with seismic anisotropy, and its potential application 
to reservoir characterization. 


There is now a drive within the hydrocarbons 
industry to maximize extraction from existing 
oil-fields, since exploration and development of 
new oil-fields is becoming much more difficult 
and expensive. Few existing fields are structurally 
simple, and most consist of complex formations 
in which many heterogeneities exist, of which 
only a small proportion are reservoirs. Thus a 
more complete understanding of the distribution 
and the geometry of reservoir heterogeneity is the 
key to sustained recovery and reserve growth. 

Many methods have been used to study reser¬ 
voir heterogeneities, of which perhaps combining 
three-dimensional seismics with well logs is the 
most popular so far. However, this approach 
may lack enough detail to represent accurately 
some significant reservoir heterogeneities, and 
better definition of small-scale features is indis- 
pensible. The use of seismic anisotropy provides 
an alternative approach to this problem by deter¬ 
mining the directional characteristics of the 
reservoir heterogeneities, such as aggregate align¬ 
ments and cluster distribution. 

The techniques involved utilize the effects of 
scattering from a distribution of sub-wavelength 
heterogeneities, which sufficiently alter the trans¬ 
mitted wavefield to carry forward an impression 
of the group characteristics. These seismic scat¬ 
tering effects can be observed in seismic data 
acquired by multicomponent surveys which 
generate and record waves polarized in all three 
spatial dimensions. The scattering can be simu¬ 
lated by an ‘equivalent homogeneous medium’ 
which replaces the heterogeneous medium and 
acts as a seismic pseudo-function for reservoir 
complexity (MacBeth 1995). If the heterogene¬ 
ities possess an aggregate alignment, then the 
equivalent medium is anisotropic. 


By using ‘equivalent medium theory’ we can 
process and interpret multicomponent data to 
understand a diversity of reservoir features such 
as faulting and fracturing, cross-bedding, chan¬ 
nels and facies. Multicomponent seismic data 
are now commonly used in the study of seismic 
anisotropy. 


Heterogeneities at different scales 

Definitions of the term ‘reservoir heterogeneity’ 
cover a wide spectrum, and depend very much 
upon the particular geological features under 
observation. Nevertheless, it is generally taken 
to refer to an irregular spatial uniformity of 
diverse physical constituents, whether structural, 
lithological, petrophysical or relating to fluid 
flow, evident at various scales. Scales of reservoir 
heterogeneities can vary from a large basin 
(‘megascale’), the distribution of stratigraphic 
and lithologic intervals (‘macroscale’), through 
cross-bedding and ripple laminations (‘meso- 
scale’), to the smallest ‘microscale’ which 
includes grains, pores or pore-throats (Fig. 1). 
Although heterogeneities still tend to be viewed 
from the basis of the type of data used, it is not 
sufficient to describe reservoirs in terms of bed¬ 
ding planes, fault distributions or depositional 
systems alone; successful reservoir characteriza¬ 
tion depends upon the effective integration of 
representative data measured at different scales. 
This can be accomplished through the applica¬ 
tion of the equivalent medium theory in the 
study of seismic anisotropy, which is a valuable 
concept for conserving a detailed level of charac¬ 
terization for reservoir heterogeneity and may 
also assist in correlating data from one scale to 
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Fig. 1. Various heterogeneity scales affecting reservoir processes at different scale lengths. Standard seismics image 
structures at large scales, whereas the phenomenon of seismic anisotropy helps to image smaller scale features 
(after MacBeth 1995). 


another. MacBeth (1995) also suggests that it 
may be possible to use equivalent medium 
theory to identify some reservoir features 
originally thought to be beyond the resolution 
of seismic data. Future development of even 
more versatile anisotropic models gives hope 
that we may soon be able to make use of seismic 
anisotropy in reservoir characterization on a 
routine basis. 


Multicomponent seismic survey 

The seismic scattering effects of reservoir hetero¬ 
geneities can only be reliably observed and 
interpreted from seismic data recorded by multi- 
component polarized sources and receivers; 
existing methods include reflection surveys (sur¬ 
face-surface), vertical seismic profiles (VSPs) 
(surface-borehole) and cross-hole surveys (bore¬ 
hole-borehole). Both seismic body waves are 
used, the longitudinally polarized P-wave and 
the transversely-polarized shear-wave. A shear- 
wave incident on, or generated in, an anisotropic 
medium generally splits into two orthogonal 
polarizations, SI and S2 , which propagate 
through the medium with different velocities, 
thus introducing a time delay between them at 
the receiver. The polarizations and time delay 
are sensitive to the orientation and degree of 
anisotropy, and hence shear-waves provide 
particularly useful information on aligned hetero¬ 
geneities. Two orthogonal horizontal shear-wave 
polarizations are usually generated in order to 


determine azimuthal variations in the characteris¬ 
tics of the medium. Using different configurations 
of sources and receivers, up to nine-component 
data can be recorded which consist of three ortho¬ 
gonally polarized sources and three-component 
receivers (z, x and y, as shown in Fig. 2). Ideally, 
a full nine-component survey is required to 
describe seismic scattering effects in the vector 
wave-field accurately, but in practice other config¬ 
urations of sources and receivers can be used, 
depending on the purpose of the surveys. These 
include: conventional one-component P-wave 
seismic surveys for mapping geological structure 


RECEIVERS 



Fig. 2. Full nine-component data acquisition. There 
are three orthogonal sources represented by the rows, 
and three orthogonal receivers represented by the 
columns. The shaded area shows five-component 
acquisition (after Li 1997). 
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Table I. Seismic effects related to reservoir heterogeneities for seismic parameters recovered from 


multicomponent data 

Heterogeneity characteristics 

Seismic Effects 

Structural boundary 

Fluid-filled zones 

Increase in fracture density 

Changes in lithology, porosity, etc. 

Visible reflected wave {A qP ) 

Amplitude increase of (A qP ) and A qP /A qS 

Amplitude decrease (dim spots) of reflected shear 
waves {A qSl , A qS2 ); time delay increase (W qS2 - V qS \) 
Variations in time delay 


The table is not exhaustive, but lists those heterogeneities and effects which are of significance to 
anisotropy 


(Yilmaz 1987); two-component surveys for map¬ 
ping geological structure and lithology (Dohr 

1985) ; and three-component acquisition in VSPs 
for correlating seismic horizons (Hardage 1991). 

Further study of seismic anisotropy has led to 
the development of four-component (xx, xy, yx 
and yy component) and five-component (four 
component plus zz component) surveys (Alford 

1986) , as well as total wave-field nine-component 
surveys (Squires et al 1989). The purpose of these 
surveys is to investigate the potential of shear- 
wave anisotropy for characterizing reservoir 
heterogeneity. 

Information content of multicomponent 

surveys 

Table 1 summarizes the seismic effects which are 
related to different kinds of reservoir hetero¬ 
geneity. The term ‘wave-field attributes’ is used 
to describe the seismic effects of anisotropy, 
and these wave-field attributes, using appro¬ 
priate processing techniques, can be extracted 
from the multicomponent data. 

The three most used shear-wave attributes in 
anisotropic media are the polarization direction 
of the first split shear-wave ( qSl ) arrival, the 
time delay between the two split shear-waves 
(< qSfqS2 ), and the differential reflectivity at 
normal incidence; these attributes provide differ¬ 
ent information. The polarization direction of 
the fast split shear-wave gives fracture strike, 
and probable direction of fluid flow within a 
reservoir. The time delay between the two split 
shear-waves can give information about fracture 
and crack density, while differential reflectivity 
can help in identifying more intensely fractured 
zones in the seismic section and is thus a very 
useful indicator for fracture concentrations. 
Other wave-field attributes employed include 
the v p /v s ratio, differential attenuation, differen¬ 
tial amplitude, signal-to-noise ratio, scattering 
and the offset-dependent reflectivity. 


Case study 

We shall use a field data example to demonstrate 
how the shear-wave attributes can be used 
to characterize reservoir heterogeneity. The 
example comes from a multicomponent reflec¬ 
tion survey above the Austin Chalk trend in 
Texas, USA. 

The Austin Chalk is a very fine-grained 
impermeable carbonate mud containing skeletal 
debris, and is composed of three units: an 
upper, fractured massive chalk; a central ductile 
chalk-marl; and a lower, fractured massive 
chalk. Sub-surface porosity in the chalk can be 
less than 5% and therefore oil production is 
entirely dependent on fractures. Fracture systems 
in the Austin Chalk are dominantly extensional, 
a result of downwarping due to subsequent 
deposition and pre-existent faulting. They are 
uniformly oriented and parallel to the strike of 
the structure (Corbett et ah 1987). Owing to 
minor local variations in stress, fractures form 
clusters and swarms which, once located, can 
be exploited by horizontal wells drilled to inter¬ 
sect the trend. 

The Austin Chalk has attracted considerable 
interest since oil was first discovered in the 
1920s, and over the past few years several 
authors have discussed the anisotropy of the 
area. Mueller (1991) identified lateral fracture 
concentrations from differential amplitudes of 
shear-waves, Li et al. (1993) compared the char¬ 
acteristics of shear-waves in a fractured reservoir, 
and Li (1997) correlated amplitude dim spots in 
a seismic section with local fracture swarms 
indicated by horizontal wells. These studies all 
show, either directly or indirectly, that oil 
production can be correlated with anisotropy. 
For example, it has been found that over the 
length of the Austin Chalk trend, for areas 
where commercial oil production is absent, the 
average time delay of the split shear-waves is 
less than 10 ms, corresponding to 0.5% aniso¬ 
tropy or less. In areas close to producing fields, 
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Fig. 3. A survey map showing the orientation of the 
studied survey line above the Austin Chalk reservoir 
and the strike of the horizontal wells Wl, W2 and W3 
(adapted from Li 1997). 


the average delay is about 30 ms to 40 ms, 
corresponding to about 1.5% anisotropy. In 
major production areas, the delay is 50 ms to 
60 ms, corresponding to about 2.5% anisotropy 
(Li et al 1993). 

The example discussed here is from Li (1997), 
who uses a four-component seismic survey and 
production data from three nearby horizontal 
wells to reveal the potential of local variations 


in shear-wave amplitudes (dim spots) in identify¬ 
ing local fracture zones. The survey line lies N-S, 
at about 40° from the regional fracture strike 
(c. NE-SW). There are a number of horizontal 
wells in the area, all drilled along the Austin 
Chalk; the three selected for study (Wl, W2 
and W3) are close to the line and have a similar 
horizontal length. Well Wl is at about 60° from 
the regional fracture strike, W2 is parallel to 
the strike and W3 is perpendicular to the strike 
(Fig. 3). Amongst the three wells (which all 
penetrate fracture zones), Wl is the most produc¬ 
tive, W2 the least productive and W3 is moder¬ 
ately productive. Bearing in mind that the flow 
rate of a horizontal well is primarily determined 
by the number of fractures encountered, which 
in turn is determined by the length and azimuth 
of the well plus the fracture intensity of the 
penetrated zone, one can make the following 
observations from the shear-wave section (Fig. 4). 

(i) Well Wl, drilled in a relatively more frac¬ 
tured area and into two reflection dim spots 
of the Austin Chalk horizon (Fig. 4), has 
substantially higher rates of production 
than W3, although they both have similar 
azimuths. In fact, W3 is more favourably 
oriented; this implies that fracture intensity 
in the zone penetrated by W1 may be greater 
than in the zone penetrated by W3, 

(ii) Well W3, drilled in a relatively less fractured 
area and into part of a dim spot, is more 


W3 W2 


Crack 

Strike 



Fig. 4. The stacked shear-wave section. W 1 , W2 and W3 are horizontal wells; the small bars represent the azimuths 
of the wells; the bar at the far right indicates the crack (i.e. fracture) strike; the rectangles outline significant dim 
spots (adapted from Li 1997). 










































ANISOTROPY IN RESERVOIR CHARACTERIZATION 


119 


productive than W2, drilled into the same 
trend of fracture swarms but at the edge of 
a dim spot (Fig. 4). This shows that wells 
parallel to fracture strike intercept fewer 
fractures than wells perpendicular to fracture 
strike. 

After corrections for overburden effects, dim 
spots in stacked sections along the Austin 
Chalk can be correlated with the fracture 
swarms intercepted by horizontal wells, and 
fracture intensity, which determines production 
rates, can be qualitatively interpreted from varia¬ 
tions in shear-wave attributes. 


Conclusions 

This paper has discussed the concept of multicom¬ 
ponent surveys and data processing, and has also 
described various reservoir properties deduced 
from various attributes of shear-wave splitting. 
In discussing heterogeneity scales, it has been 
established that anisotropy can play a major role 
in reservoir characterization. Finite hydrocarbon 
reserves combined with increasing demand mean 
that better reservoir characterization is needed. 
Hydrocarbon reservoirs containing aligned frac¬ 
tures are anisotropic, and therefore the answer 
to the question posed in the title is that examina¬ 
tion of the resultant split shear-waves can give us 
vital information about reservoir structure. The 
example of the use of shear-waves in the Austin 
Chalk is of particular importance, as it demon¬ 
strates not only a proven application, but also 
the undoubted potential of seismic anisotropy in 
reservoir characterization. 


This work is supported by the Edinburgh Anisotropy 
Project and the Natural Environment Research Coun¬ 
cil, and is published with the approval of the Director 
of the British Geological Survey (NERC). 
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Numerical simulation of fluid flow in complex faulted regions 
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Abstract: Faults exist in most hydrocarbon reservoirs. In general, they interfere with the 
transport of the fluids within the porous medium, and in other cases they may com¬ 
partmentalize the reservoir and alter its connectivity. When performing any simulation 
procedure on a faulted reservoir it is important to take account of the sealing characteristics 
of the faults, especially (1) the effects of the pressure distribution across a fault and (2) the 
relationship between the porosity and permeability of the fault zone material and that of 
the bulk reservoir rock. 

Current numerical fluid flow modelling techniques of faults are generally limited to the 
use of special connections, which involve modifying the transmissibilities between cells of 
the finite difference simulation grid. In many cases, the simulated flow is allowed to occur 
only between cells which are physically in contact. This may not be appropriate in the 
event of flow occurring along the fault plane and thus between a number of blocks which 
are not adjacent to each other. Modelling of fluid flow in complex faulted regions may be 
enhanced by implementing a boundary-fitted co-ordinate technique. This allows the 
geometry of the fault to be represented more accurately by constructing the simulation 
grid around the fault zone such that the inner boundary of the grid is coincident with the 
boundary of the fault. The permeability of the reservoir in the vicinity of the fault needs to 
be described using available information on fault zone characteristics (e.g. cataclastic slip 
band densities, clay smear potential, cementation etc.) to enable the construction of 
permeability distributions in the faulted region. 


Faults are widespread in many hydrocarbon 
traps and are responsible for altering reservoir 
continuity and causing a change in the nature 
of the material in the immediate vicinity of the 
fault zone. The two main ways in which a fault 
might affect fluid flow are by (Smith 1966; 
Munthe et al. 1993): 

(1) geometric effect , where sedimentary rocks 
of different petrophysical properties are 
juxtaposed; 

(2) fault plane effect , which depends on the 
nature of the emplaced fault zone material, 
formed by mechanical or chemical pro¬ 
cesses in relation to the faulting process. 

These effects are shown schematically in Fig. 1. 

The permeability characteristics of the 
reservoir in the vicinity of a fault can differ 
vastly from those of the parent rock outside the 
fault zone. Granulation of the rock along the 
fault reduces pore aperture size, thus increasing 
the sealing potential of the fault and reducing 
communication between layers that are laterally 
juxtaposed across it. On the other hand, 
increased fracturing during the faulting process 
may create a high-permeability zone parallel to 


* Current address: Department of Geology and Petro¬ 
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the fault, providing a path between different 
layers which are not in physical contact. To 
simplify the calculations, complexities such as 
these are often neglected when simulating faulted 
reservoirs, resulting in a misrepresentation of 
both the physics and the geological characteris¬ 
tics of the reservoir. 


Fault modelling techniques 

Background 

The flow of fluid in faulted regions is often 
restricted to those cells physically in contact 
with each other. This implies that fluid can 
travel only directly across the fault and not 
along it. Mrosovsky et al. (1980) modelled a 
reservoir of the Prudhoe Bay field in three dimen¬ 
sions by limiting a fault throw to an integer 
number of layers. Using this method, the actual 
number of connections remains constant and 
only the pointers defining which blocks are con¬ 
nected to a given block need to be changed. In 
the case of a single fault, the throw can be 
forced to equal an integer number of gridblocks 
by increasing the number of mesh cells used to 
model the reservoir in the direction of the fault. 
However, in the case of multiple faults, this 
becomes unfeasible. 


Foley, L., Daltaban, T. S. & Wang, J. T. 1998. Numerical simulation of fluid flow in complex faulted regions. In: 
Coward, M. P., Daltaban, T. S. & Johnson, H. (eds) Structural Geology in Reservoir Characterization. Geological 
Society, London, Special Publications, 127, 121-132. 
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□ 
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Sandstone 

Shale 


Juxtaposed Sandstones 


Fig. 1. Schematic diagram showing the juxtaposition of different lithological sequences after faulting and the 
emplaced fault zone material. 


More advanced numerical models permit con¬ 
nections of varying transmissibilities to be made 
between the gridblocks (Dunlop et at. 1982). The 
transmissibility between two gridblocks of a 
reservoir simulation model is a function of the 
effective permeabilities of the gridblocks and 
their cross-sectional areas. If two gridblocks 
have been displaced at a fault, the transmissibil¬ 
ity is often modified according to the resulting 
area of contact between the relevant cells of 
the simulation grid. This procedure, known as 
non-neighbour connections, introduces greater 
complexities into the equations and these 
complexities, though not insurmountable, are 
rarely addressed. 

Other techniques used to model the geometry 
and throw of a fault are corner-point geometry, 
which allows the gridblock shape to vary, and 
local grid refinement. These techniques are 
discussed in detail by Goldthorpe & Chow 
(1985) and Forsyth & Sammon (1985). 


Non-neighbour connections 

As described above, special (non-neighbour) 
connections are used in numerical reservoir 
simulators to modify the transmissibilities 
between gridblocks. This is achieved using a 
linear interpolation of the transmissibilities of 
two adjacent blocks with a weighting factor 
based on the relative size of the overlap between 
them. In Fig. 2, for example, the normalized 
interface area between cell i and cell j across the 


fault could be defined as: 


= Qj 




(1) 


where Ax = length of block in the x direction, 
A = cross-sectional area, C = factor accounting 
for the dip angle between the cells, and W = 
weighting factor based on the relative size of 
the overlap between cells i and j. 

That is: 


W] = Az (overlap)/Az! 

where Azj = thickness of individual block 1 and 
Az (overlap) = thickness of overlap between 
adjacent cells. 



Fig. 2. Apportioning of transmissibilities according to 
area assumed to be in contact. 
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In order to allow for flow along, as well as 
across, the fault plane it is necessary to allow a 
given gridblock on one side of the fault to 
communicate with all or any gridblocks on the 
other side, regardless of whether or not the 
blocks concerned are in physical contact. In 
such cases, any modification applied to the 
transmissibility terms must be specified as an 
input to the model. 


Boundary-fitted co-ordinates 


and solved numerically. A general method of 
generating the boundary-fitted co-ordinate 
system is to let the curvilinear co-ordinates be 
solutions to two elliptic partial differential equa¬ 
tions with Dirichlet boundary conditions (i.e. 
pressure gradient zero on all boundaries). One 
co-ordinate is specified to be constant on each 
boundary. Suppose the reservoir domain lies in 
a plane [x,y] with boundaries and T 2 , as 
shown in Fig. 3, and that a transformation is 
required to a regular grid [£, 77]. 

The transformation can be written as: 


The flow of fluid within a reservoir is generally 
modelled using partial differential equations. 
These equations are discretized by overlaying a 
finite difference grid on the reservoir. This 
numerical representation is most accurate when 
the boundaries of the domain being modelled 
are coincident with some of the co-ordinate 
lines of the grid because it eliminates the need 
for interpolation at the boundary. If an irregular 
shape occurs within the reservoir, it becomes 
increasingly difficult to match the boundary of 
the shape and the external boundary of the 
reservoir simultaneously. Various methods can 
be used such as curvilinear grids (Lambeth & 
Dawe 1988) or representing the reservoir using 
corner-point geometry. This is a technique 
which distorts the grid so that it assumes the 
shape of an irregular domain. However, the 
flow equations are still written for an orthogonal 
system, thus errors are introduced into the 
transmissibility terms. Thompson et al (1977) 
developed a technique, which they termed 
‘boundary-fitted co-ordinates’, for generating a 
general curvilinear co-ordinate system with co¬ 
ordinate lines coincident with all boundaries of 
a two-dimensional region containing any 
number of arbitrarily shaped bodies. It was 
developed specifically for the purpose of solving 
flow equations in the vicinity of aerofoils of 
arbitrary shape in aeronautics, but it can be 
applied to any set of partial differential 
equations. Folefac et al (1992) applied the 
technique to modelling single-phase flow in a 
fractured porous medium. In the current applica¬ 
tion, the method has been further developed to 
modelling two-phase flow in the vicinity of faults. 

Grid generation The principle of the method 
is to generate a co-ordinate system such that 
there is a co-ordinate line coinciding with each 
boundary (interior and exterior) of the reservoir. 
The domain and relevant set of partial differential 
equations are then transformed to a regular grid 
system where the new equations can be easily 
approximated using finite difference expressions 


r 



.V. 


_v( x ,y)_ 


so that the inverse transformation is: 


(2) 


X 



_y_ 


,y(€’V). 


The physical grid is then generated by solving: 

£xx + fyy = /(£? 7 ?) (4) 

Vxx + Vyy = g(£,V) (5) 


subject to 
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Y (x,y)' 

.V. 


. Vi . 

K 


YC*, 7 )" 

,v\ 


. % . 


[x,y\ on (6) 

[x,y] on r 2 (7) 


where /, g , 77^ r) 2 are constants and £ 1? £ 2 are 
specified functions on T 1? T 2 . As all numerical 
computations will be performed on the Cartesian 
grid [£,77], the dependent and independent 
variables must be interchanged in Eqns 4-7, 
leading to: 


otx^ 2/7x^ -t - yXyp] 

-J 2 (.fxs + gx„) 

(8) 

<*y& - 2 Py in + 7 y m = - 

-J 2 {fys + gy„) 

(9) 

with boundary conditions: 



x = x(£,vi ),y = y{& Vi) 

Y,) on r; 

(10) 

* = *(£>%), .y = >’(£>%) 

(£»?) on V *2 

(11) 

and where 



ot Xq “t - y q 

(12) 

0 = + y^i 

(13) 

7 = x\+y\ 

(14) 

S 

II 

& 

+ 

(15) 


This system of equations can then be discretized 
over the rectangular mesh by a central difference 
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Transformed Plane 

Fig. 3 . Field transformation of boundary-fitted co-ordinates applied to a faulted reservoir. 


scheme and solved to obtain solutions which are 
the physical co-ordinates of the x-y plane. 

Figure 3 shows how this technique can be 
applied to a faulted reservoir domain. The 
unshaded area represents the reservoir region of 
interest. The shaded regions have been included 
in the grid generation for mathematical conveni¬ 
ence, but the reservoir properties in these areas 
were made inactive by setting them to zero. 


Flow simulation The flow equations needed 
can be developed from the single-phase flow 
equation: 


, d 2 P , &P , dP 
kx fJx 2 + ky dy 2 ~ 4wc dt 


(16) 


where k x and k y are the permeabilities in the x 
and y directions, and the boundary conditions 
are specified on the outer boundary of the 
reservoir and the inner boundary around the 
fault. Applying a transformation similar to that 
above leads to the equation: 

a'Pft + 20Pto + 7 Prm + r'P( + c P n 


= J 2 (j>jicP 


(17) 


where c is constant and 


a = k y x 2 + k x y 2 

(18) 

0 = kyx^x,, + k x y ( y v 

(19) 

7 = kyX^+k^y} 

(20) 

t = (x„D y -y v D x )/J 

(21) 

a' = - x {D y )/J 

(22) 

A = - 2 /A;,, + 7-V, 

(23) 

A = a 7« - + 7 Prm 

(24) 

J = transformation Jacobian 

= x ! .y, l + x n y ! . 

(25) 


Extending this analysis to two phases simply 
requires the absolute permeability term, k , to 
be replaced by an effective permeability defined 
by kk T . It should be noted that the structure of 
the coefficient matrix changes as flow must be 
allowed to occur between the left and right 
boundaries of the transfonned grid. 

Flow in the fault The flow of fluid within the 
fault is modelled using a one-dimensional fluid 
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Fig. 4. Flow diagram of how fluid flow in the region of 
a fault is simulated using boundary-fitted co-ordinates. 

flow equation based on Darcy’s law. The fault 
properties are specified in the input data file 
and flow between the reservoir blocks and the 
fault blocks is represented by an exchange flow 
rate term. In this application, the fault modelling 
is done sequentially, i.e. flow within the fault is 
updated at the end of every time step of the 
reservoir simulation (Fig. 4). However, it would 
be possible to incorporate the fault equation 
fully implicitly so that it can be modelled 
simultaneously and to replace the Darcy 
equation with a Navier-Stokes equation if the 
fault is an open conduit. These developments, 
together with the extension of the technique 
into three dimensions, would enable a com¬ 
parison of boundary-fitted co-ordinates with 
special connections. Incorporating both pro¬ 
cedures into the same reservoir simulator would 
enable the user to choose the most appropriate 
fault modelling technique for the problem being 
considered. 


Fault characterization 

Applying either the special connection or 
boundary-fitted co-ordinates techniques in a 
meaningful way relies on the availability of 
detailed information on the characteristics of 
faults within hydrocarbon reservoirs. The 
current lack of accurate data on the petrophysi¬ 
cal properties of fault zones makes modelling of 
fluid flow in faulted regions extremely difficult. 


The most helpful direction forward is probably 
a paper recently published by Antonellini & 
Aydin (1994) in which they describe a case 
study of the fault structure and deformation 
band distribution in the vicinity of a fault in the 
Delicate Arch Trail. The permeability of the 
cataclistic slip bands is estimated to be several 
orders of magnitude less than that of the 
host rock, which affects the overall reservoir per¬ 
meability perpendicular to the fault. Antonellini 
& Aydin (1994) used this information to calcu¬ 
late the average horizontal permeability in a 
fault zone using a harmonic mean. In this 
study, a permeability distribution model in the 
vicinity of the fault has been constructed as 
follows. 

• The fault zone (i.e. the region around the 
fault which has been affected by the faulting 
process) is divided into gridblocks, each of 
which is 1 m in width. 

• For each gridblock, a number of cataclastic 
slip bands is randomly distributed within 
the block, such that the density of deforma¬ 
tion bands documented for that region is 
preserved. The cataclastic slip bands all run 
parallel to the fault and are approximately 
2 mm wide. 

• In each gridblock, the bands representing the 
cataclastic slip bands are assigned a perme¬ 
ability which is at least two orders of magni¬ 
tude smaller than the permeability of the 
host rock. 

• Using a renormalization technique (King 
1994), a single permeability value is obtained 
for each gridblock. This procedure involves 
coarsening the grid step by step until the 
required scale is achieved. These permeabil¬ 
ities are then used in the simulation model. 

An example of the distribution of deformation 
bands in the vicinity of a fault (from Antonellini 
& Aydin 1994) and the resulting permeability 
distribution is shown in Fig. 5. These per¬ 
meability values can then be assigned to the grid- 
blocks in the fault zones in either the special 
connections or boundary-fitted co-ordinates 
models, to account for changes in the regional 
characteristics of the reservoir rock as a result 
of the faulting process. 


Case studies 

Many test cases in both two and three dimen¬ 
sions have been modelled to test our algorithms, 
using a variety of fault throws and sealing 
capacities varying from completely sealing to 
fully conductive. A selection of examples from 
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Fig. 5. Deformation band density and effective permeability in a fault zone. 


some of the key models are discussed below to 
show how the faults affect the behaviour of 
fluid flow within the reservoir and how this, in 
turn, alters the production profiles of individual 
wells located in a faulted area. A more compre¬ 
hensive discussion of the cases can be found in 
Foley (1994). 

Cross-sectional models can be used in cases 
where areal heterogeneities are not expected to 
have a significant impact on the flow behaviour 
within the reservoir or when examining gravity 
segregation and stratification. They also provide 


a window for analysing fluid flow behaviour local 
to a major heterogeneity. However, when 
performing field-scale simulation studies, three- 
dimensional models are essential, especially if 
multiple layers and/or multiple-completed wells 
are being considered. 


Results using special connections 

The example presented below was produced as 
part of a study in which a coalbed methane 
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Section 8 



for 27 well case 

Fig. 6. Schematic diagram of a faulted reservoir with eight-well and 27-well configurations. 


numerical simulator was developed. Methane 
produced from coal seams is becoming an 
increasingly important commercial energy 
resource. Coalbed methane is primarily adsorbed 
onto the surface of the coal, with free gas only 
constituting a minor fraction of the total gas 
content. The methane is held in this adsorbed 
state by reservoir pressure, and desorption will 
only occur when the pressure of the coal seam 
is reduced below the ‘critical desorption 
pressure’. This behaviour leads to fluid flow 
regimes which differ from those in conventional 
gas reservoirs. 

One test case considered was a three-dimen¬ 
sional realization of a multiseam, multifault 
model which was run in order to investigate the 
influence of faults on the overall production of 
a reservoir. A schematic diagram of the model 
is shown in Fig. 6. The reservoir consists of 
three coal seams separated by either sandstone 
or shale and contains mainly methane gas, 
most of which is adsorbed onto the surfaces of 
the coal particles. A gridblock scheme of 
10 x 20 x 5 was used. Some cases with just one 
well per compartment were modelled but, in 
general, a more realistic well spacing consisting 
of 27 wells was used. The wells were all 
completed in each coal seam and each had a 
bottom hole pressure of 50psi (345 kPa). The 


sealing capacity of the faults varied from 0% 
(i.e. conducting) to 100% (i.e. completely 
sealing). Details of the rock and fluid properties 
are given in Table 1. 

In the simplest case eight wells are used (i.e. 
one well/compartment), with layers of shale 
separating the three coal seams. Figure 7 shows 
the individual well performances as a function 
of time when the faults are completely sealing 
or completely non-sealing, respectively. When 
all the faults are sealing (Fig. 7a) the wells in 
the smaller compartments (i.e. sections 1, 3, 4) 
drain the free gas more quickly than those in 
the larger compartments. This in turn causes 
gas desorption from the pore walls to begin 
sooner, resulting in an earlier increase in gas 
production rate. For example, the gas produc¬ 
tion rate from the well in section 1 begins to 
increase before the end of the first year of 
production whereas the well in section 5 takes 
almost twice as long to reach this stage. When 
all of the compartments of the reservoir are in 
communication (i.e. faults are all non-sealing) 
the performance from each well is more uniform 
(Fig, 7b). That is to say, at any given time of the 
simulation, all of the wells display the same 
trends. 

For the 27-well configuration, the individual 
well performance of each well was examined in 
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Table 1 . Rock and fluid data for three-dimensional faulted reservoir 



Field units 


SI units 

Grid system 


10 x 20 x 5 


Total length in x direction 

6560 ft 


2000 m 

Total length in y direction 

9800 ft 


2987 m 

Thickness of each coal seam 

9ft 


2.75 m 

Thickness of each seam of sandstone/shale 

50 ft 


15.25 m 

Datum depth 

1730 ft 


527 m 

Matrix permeability 




Coal 

0.05 md 


5 x 1(T 17 m 2 

Sandstone 

10.0 md 


1 x 10~ 14 m 2 

Shale 

0.0001 md 


1 x 10~' 9 m 2 

Cleat permeability: coal 

5.0 md 


5 x l(T 15 m 2 

Fracture permeability: sandstone 

100.0 md 


1 x 10“ 13 m 2 

Matrix porosity 




Coal 


0.06 


Sandstone 


0.15 


Shale 


0.0001 


Cleat porosity: coal 


0.01 


Fracture porosity: snadstone 


0.015 


Initial reservoir pressure 

500.0 psi 


3.45 MPa 

Initial water saturation 


0.85 


Langmuir pressure 

883.67 psi 


6.1 MPa 

Langmuir volume 


77.07 vol. gas/vol. 

res. 

Well radius 

0.5 ft 


0.15m 

Bottom hole pressure 

50.0 psi 


345 kPa 


detail. It was clear that wells which were located at 
a distance from any fault boundary are not greatly 
influenced by the characteristics of the fault. In 
contrast, wells adjacent to a fault show noticeable 
differences in their production profiles. The indivi¬ 
dual gas production rates of well 4 and well 7 are 
plotted as a function of time in Fig. 8. It can be 
seen that well 4 reaches a peak production rate 
of over 44Mscf/day (L25Mscm/day) when the 
faults are non-sealing compared with 45.5 Mscf/ 
day (1.29Mscm/day) when the faults are sealing. 
On the other hand, the peak gas production rate 
for well 7 when the faults are non-sealing is 
almost double what it would be if the faults adja¬ 
cent to it were barriers to flow (63 Mscf/day versus 
32 Mscf/day). 

This study emphasizes the importance of 
characterizing faults and investigating their 
effects on the flow of fluids within a reservoir. 
If a fault is sealing, it will restrict the production 
from a well located in close proximity to it as it 
will act as a boundary to the drainage area of 
the well. On the other hand, if a fault is behaving 
as a conduit, it will influence both the distribu¬ 
tion of fluid within the reservoir and the flow 
path taken by the fluid when production 
begins. Very often, the data available are not 
sufficient to accurately predict the sealing capa¬ 
city of the fault. In such cases, using a simulator 


which can account for the existence of faults with 
variable transmissibility is beneficial to test the 
possible scenarios. It is also important that the 
model should be able to handle both flow along 
the plane of a fault as well as flow directly 
across it. 


Results using boundary'fit ted co-ordinates 

A qualitative analysis was conducted in order to 
test the benefits of using a boundary-fitted co¬ 
ordinate system to match the reservoir 
boundaries in the presence of a single fault 
more accurately. Data are shown in Table 2. 
The case shown here consisted of an injector 
and a producer being placed on either side "of a 
fault. Two immiscible fluids were used. The 
model was run until the injected fluid (water) 
had traversed the fault zone. Three examples 
demonstrated are when the permeability in the 
fault is equal to, less than and greater than 
the permeability in the reservoir. The effect of 
the fault characteristics on the flow of fluid in 
the vicinity was analysed by comparing the 
water saturation profiles of each of these cases 
(Fig. 9). When the fault zone and the reservoir 
have equal permeabilities (Fig. 9a), no changes 
of flow behaviour are observed with the water 
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Table 2. Data used in boundary-fitted co-ordinate cases 



Field units 


SI units 

Reservoir dimensions 

1500 x 400 x 100 ft 


457 x 122 x 30.5m 

Fault dimensions 

10 x 500 x 100 ft 


3 x 152.4 x 30.5m 

Initial pressure 

Initial water saturation 

1000 psi 

0.2 

6.9 MPa 

Injection rate 

1000 bbls/day 


159 m 3 /day 

Production rate 

1000 bbls/day 


159 m 3 /day 



1500 ft 



1500 ft 



1500 ft 
Sw 

■ 0.64 - 0.74 Q 0.34-0.44 
ES 0.54-0.64 g 0.24-0.34 
EB 0.44-0.54 □ 0.14-0.24 

Fig. 9. Application of boundary-fitted co-ordinates to a fault zone with various fault zone characteristics. 
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flowing directly across the fault and into the 
upper regions of the reservoir on the right-hand 
side of the fault. If the permeability in the fault 
is lower than the permeability of the reservoir 
(Fig. 9b), the fluid, which enters the fault at the 
bottom, struggles to move along the fault and 
re-enters the reservoir in the lower regions on 
the other side of the fault. Finally, if the perme¬ 
ability of the fault is high, the fluid will travel 
easily along the fault and will reappear in the 
upper regions of the reservoir on the other side 
(Fig. 9c). 


Conclusions 

It has been shown that fault characteristics 
within a reservoir have a significant effect on 
fluid flow, which must be accounted for in any 
flow simulation. If a fault is sealing, it will act 
as a boundary to the drainage area of a produc¬ 
tion well located near to it and affect the sweep of 
a water flood. On the other hand, if a fault is 
behaving as a conduit it affects the distribution 
of fluid within the reservoir and the fluid flow 
paths during production. 

To handle flow in faulted regions within 
numerical simulators, both along and across 
the fault plane, two techniques have been devel¬ 
oped and implemented in this work. 

(a) Special connections. Non-neighbour con¬ 
nections allow flow to occur from a block 
on one side of the fault to a block on the 
other side which is in a different layer. In 
this application, the technique has been 
implemented such that fluid can transfer 
between two blocks, even if they are not in 
physical contact, which allows fluid flow 
to occur both along the plane of the fault 
as well as directly across it. A number of 
models, both two- and three-dimensional, 
were run and the sealing capability of the 
faults was allowed to vary. These cases 
demonstrated clearly how the fluid flow 
behaviour within a reservoir would differ 
depending on the nature of a fault and its 
sealing characteristics, thus emphasizing 
the need for detailed descriptions of faults 
in reservoir models. 

(b) Boundary-fitted co-ordinates . This method 
has been developed separately to investigate 
the possibility of representing the flow of 
fluid in the vicinity of a fault with increased 
precision. As the boundary of the simulation 
grid is fitted to the boundary of the fault 
zone, the geometry of the fault can be 
matched more accurately. Thus, if adequate 


data are available on the characteristics of 
the material within a fault zone and its 
distribution, a detailed study can be made 
of how the fault will influence fluid flow 
and hydrocarbon production. A qualitative 
analysis can then be conducted in which a 
grid system is fitted around a sloping 
fault and flow within the fault modelled 
using Darcy’s law. In our work three 
cases have been modelled, i.e. with the 
permeability of the fault less than, equal 
to or greater than the permeability of the 
reservoir. These preliminary results show 
how such a technique could be useful in 
understanding fluid flow through more 
complex fault zones. As more information 
on the fault zone is obtained, especially 
the permeability characteristics of the 
faulted regions, the applicability of the 
boundary-fitted co-ordinate systems will 
increase. 
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Curvature analysis of gridded geological surfaces 
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Abstract: Surface curvature is related to strain and hence fracture density in most lithologies 
relevant to hydrocarbon exploration, and can be calculated at negligible expense as a surface 
attribute of horizons mapped on three-dimensional (3D) seismic data. Surfaces mapped using 
3D seismic exist as data grids. Direct application of strict mathematical approaches to 
curvature measurement of gridded data is hindered by several problems inherent to 
discretized data. The grid node spacing in a horizontal plane is initially equal to the 3D 
seismic bin spacing and is some arbitrary value greater than the infinitely small mathematical 
limit, so the measured curvature is also arbitrary. Poor resolution of reflectors gives noise 
which can be removed by smoothing, but this subjective step impacts subsequent curvature 
extraction. 

Fracture distributions also reflect the effect of large- and small-scale fold structures so there 
is merit in measuring curvature at a range of scales in addition to that defined by the grid node 
spacing. As curvature varies with direction of measurement, observations in the grid x and y 
directions alone are unlikely to coincide with the key maximum and minimum curvature 
values. Resampling a data grid using a large sliding window permits curvature measurement 
at a range of different wavelengths, and several orientations can be searched in addition to 
those parallel to the grid axes. Problems which are present regardless of the sample interval 
include inherent curvature of geological structures, signal aliasing and regional surface tilt 
relative to the horizontal grid reference plane. 

Total, or Gaussian, curvature which is the product of the maximum and minimum curva¬ 
tures may not be the best format for presenting curvature data, as strata characterized by zero 
total curvature may be significantly strained within cylindrical fold structures. Instead, the 
sum of the absolute values of the principal Curvatures gives a representation of spatial 
variance in strain due to maximum and double curvature. 


Small-scale faults and fractures may profoundly 
affect reservoir characteristics. Modern seismic 
data of reasonable quality can resolve fault struc¬ 
tures with throws as small as approximately 
20 m, but large numbers of faults and fractures 
may exist below this limit of seismic resolution. 
Considerable effort has been directed towards 
quantifying the population of these ‘unmap- 
pable’ structures on the basis of power-law char¬ 
acteristics of the fault population as a whole, 
from seismic to sub-seismic and borehole scale 
(Pickering et al. 1996, and references therein). 
However, these approaches do not yield the 
spatial distribution of sub-seismic structures. 

It is well known that folding of strata may be 
accompanied by the development of fractures 
and faults on a variety of scales. Bending strain 
associated with cylindrical fold growth is related 
to the curvature of the fold (Eqn 1, from Price & 
Cosgrove 1990, p. 252). 

£ = kt/2 (1) 

where e is the fibre strain on the outer arc of the 
fold, k is the maximum fold curvature (not neces¬ 
sarily that observed on an arbitrarily oriented 
section) and t is the thickness of the folded 
layer, assuming tangential longitudinal strain 
within that layer. It is clear from this expression 


that maps of surface curvature may give a good 
approximation of the spatial variation in strain, 
given limited spatial variance in strain mode. A 
relationship between areas of high surface curva¬ 
ture and fracture density has been noted by 
several workers, for example Murray (1968), 
who observed a strong correlation between oil 
well drill stem test (DST) flow rates and reservoir 
curvature in the Antelope Sanish Pool fold struc¬ 
ture, North Dakota, and Antonellini & Aydin 
(1995), who found that fault spacing was related 
to curvature of sandstones deformed above salt 
structures in the Colorado Plateau. 

In the North Sea basin, three-dimensional 
(3D) seismic acquisition commonly precedes 
exploration drilling; as 3D seismic coverage has 
proliferated in mature basins, so opportunities 
to employ surface attribute analyses (Rijks & 
Jauffred 1991) at earlier phases in exploration, 
appraisal and development programmes have 
arisen. Applications of strain maps in North 
Sea basin plays include the Central Graben 
chalk play, and southern North Sea carbonate 
plays where fractures contribute to reservoir 
permeability (Watts 1983; Dangerfield & Brown 
1987; Foster & Rattay 1993; Cooke-Yarborough 
1994), and analysis of dip-closed Jurassic 
structures in the Central Graben, where topseal 
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integrity may be compromised by fracturing 
(Watts 1987). As with most geophysical tools, 
curvature maps are best used as complements 
to other techniques, rather than in isolation. 

Curvature extraction in the form of ‘edge’ 
maps has become a standard supplement to 3D 
seismic interpretation. However, deficiencies in 
the algorithms for curvature calculation within 
commercially available interpretation and map¬ 
ping software have been highlighted by Lisle 
(1994) and Lisle & Robinson (1995), who have 
thoroughly described the geometrical aspects of 
surface curvature in the context of geological 
structures. They have shown that there are at 
least three useful measures of curvature at any 
point on a surface: the maximum and minimum 
curvatures (or principal curvatures, k x and k 2 ), 
and their product, total curvature (or Gaussian 
curvature, K). They also pointed out that the 
minimum curvature in addition to the maximum 
curvature of a surface must be taken into account 
when attempting quantitative fracture analysis. 

The purpose of this paper is to identify and 
discuss problems encountered in the extraction 
of curvature from surfaces mapped using 3D 


seismic data, and propose solutions which 
might improve algorithms for curvature map¬ 
ping. A key factor from which many problems 
arise in curvature extraction is that mapped 
surfaces usually exist as a data grid which is an 
inherently discretized version of the original 
surface, whereas most published descriptions of 
curvature are based on continuous, relatively 
simple surfaces. This paper focuses exclusively 
on the problems of analysing gridded surfaces. 
Curvature terminology and key features of exist¬ 
ing algorithms are introduced first, followed by 
examination of the problems faced in extracting 
curvature from grids of sub-surface horizon 
data. These problems are presented under several 
broad headings (geological, geophysical, sam¬ 
pling), concluding with a discussion of the best 
way to present the results. 


Definitions 

A summary of the nomenclature relevant to this 
discussion of surface curvature is presented in 
Fig. 1. Every point on a surface is the centre of 



P 


Fig. L Illustration of the three frames of reference which are relevant to the measurement of curvature from 
gridded surfaces. The reference frames are centred upon an example point P which lies on the surface of a sphere. 
The surface curve frame consists of three orthogonal planes and associated vectors attached to the surface at point 
P (shaded planes). The vectors within the surface frame are the surface normal (N), the tangent to the curve formed 
by the surface in the line of section at point P (t), and an orthogonal vector T. Vectors t and T lie within the surface 
tangent plane and vectors N and t lie within the cleaver plane. The space curve frame is attached to the curve 
formed by the surface in the line of section (unshaded planes). The curve tangent vector (t) is shared with the 
surface curve frame, the normal to the curve is vector (n) and the vector orthogonal to n and t is the binormal vector 
(b). Vectors n and t lie within the osculating plane, the plane of cross section. Vectors N, n, t and b lie in a plane 
common to both frames. N"b is <p> a measure of the angular discrepancy between the space and surface curve 
frames. T is not necessarily parallel to the surface dip vector. A third reference frame comprises the coordinate 
system for storage of the surface as a data grid. The coordinate system usually refers to orthogonal axes x, y and z, 
where the xy plane is horizontal. The binormal vector b will always lie within the xy plane, but the normal vector n 
is not necessarily parallel to the z axis. A more detailed explanation of the reference frames is given in Lisle & 
Robinson (1995) from which this summary has been drawn. 
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a surface reference frame which contains the 
surface tangent plane and surface normal 
vector. The appearance and properties of the 
surface (such as curvature) at that point depend 
upon the orientation of a plane of cross-section. 
A second reference frame is attached to the 
curve which is formed by the intersection of the 
surface and plane of cross-section. This is 
termed the space curve frame; the plane of 
cross-section is coincident with a plane termed 
the osculating plane. The curvature of the curve 
which appears in the plane of cross-section can 
be defined as the rate at which the tangent 
turns with respect to arc length. Surfaces existing 
as data grids are stored using a third reference 
frame, the orthogonal system of co-ordinate 
axes used to specify grid node location. This 
grid reference frame partially governs the orien¬ 
tation of the second, as planes of cross-section 
are bound to run parallel to the z axis of the 
grid reference frame. Since curvature is indepen¬ 
dent of grid reference frame orientation, it is not 
related in a simple way to properties of the sur¬ 
face measured with respect to the grid reference 
frame axes, for example the second derivative 
of the surface (these relationships are discussed 
later). It is assumed throughout the discussions 
presented here that the grid spacing is equal in 
the x and y directions. The principal curvatures 
k\ and k 2 at any point on a surface lie within 
orthogonal cleaver planes, possess zero surface 
torsion and are the maximum and minimum 
values of normal curvature. 


Existing algorithms 

Commercially available mapping software 

Curvature will vary spatially across most geo¬ 
logical surfaces, and at any one point, may vary 
according to the direction in which it is 
measured; but the directions in which it is possi¬ 
ble to make measurements in any gridded surface 
are limited by the nature of the grid lattice. Many 
commercially available interpretation and map¬ 
ping software packages offer second-derivative 
extraction, although it is not often made clear 
that the second derivative at a given point is 
only equal to curvature if the dip at that point 
is zero (see Discussion section). For this short 
discussion, the dip is presumed to be zero. One 
can usually choose to extract the second deriva¬ 
tives in the grid x and y directions at any point 
(k x and k y ) or calculate the maximum value of 
the second derivative. Maximum values of first 
and second derivatives are typically obtained 
using an approximation of the following form 


(Dailey et al 1989): 

~V(kl+i4) ( 2 ) 

However, it can be shown that this approxi¬ 
mation becomes quite inaccurate for locations 
with non-zero minimum curvature. For example, 
the normal curvatures, including principal curva¬ 
tures, at any point on the surface of a sphere, 
dome or basin will all be equal in magnitude, 
yet the above expression would overestimate k\ 
by 41%. As these k x estimates will always be 
positive, this approach does not permit a sign 
convention for curvature measurement (Fig. 1). 
Few packages are currently able to deliver 
minimum curvature and hence total curvature 
maps. 


Angular defect method (Calladine 1986; 
Lisle 1994) 

This is a method of directly calculating total 
curvature {K). In the version described by Lisle 
(1994), each grid node is considered in turn, 
and forms the centre of a construction involving 
its nearest four neighbours. Four triangles are 
constructed using the offset nodes with the 
central node forming a common vertex. Total 
curvature is the quotient of the difference (8) 
between the sum of the angles associated with 
the four vertices and 27r, and A, which is one- 
third of the sum of the areas of these triangles 

K = 8/A (3) 

This is a computationally efficient approach 
which in the form described above has some 
drawbacks, as will be discussed below, in 
addition to the inability to deliver principal 
curvatures. 


Mohr circle method (Nutbourne 1986; 

Lisle & Robinson 1995) 

This method exploits the zero surface torsion 
property of principal curvatures. At each grid 
node, a best-fit circle is fitted to three co-planar 
points, which comprise the nearest grid nodes 
in the grid x orientation about the central node. 
This process is repeated twice, once in the grid 
y direction and again in a diagonal direction, 
using a pair of the second-nearest grid nodes. 
As a surface becomes more tilted, a discrepancy 
arises between the curvature of the surface in a 
vertical plane and the normal curvature of the 
surface ( k n ) at that point (Fig. 1). The measured 
curvatures k x , k y and k d are converted to normal 
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curvatures k nx , k ay and k m $ (method described 
later) and are used to define a Mohr circle on a 
plot of surface torsion against normal curvature, 
from which the principal curvatures k x and k 2 are 
calculated (the points at which the circle inter¬ 
sects the k n axis). 

A key feature of all three approaches is that 
they are designed to use the adjacent grid nodes 
and are therefore limited to measuring curvature 
over an interval predetermined by the grid node 
spacing. This issue is discussed further below. 

Geological problems influencing curvature 
extraction 

Inherent curvature of sedimentary structures 

Not all sedimentary strata accumulate in regular 
sequences of constant layer thickness. Many 
sedimentary structures possess surface curvature 
which reflects the process which created the 
structure. Examples include clinoforms at the 
margins of carbonate platforms, and sand 
waves, dunes and channels (Fig. 2). These struc¬ 
tures may range in size from tens of metres to 
kilometres and their curvature may not be 
specific to a given lithology; younger layers 
may also be affected via drape over the under¬ 
lying structures. Unconformities can also be 


. Younger sediment drape 

a) «— 1 1km 




Fig. 2. Examples of geological structures which display 
curvature unrelated to tectonism and which 
compromise direct inversion of curvature maps to 
strain maps, (a) Clinoforms, e.g. carbonate platform 
margins, deltas, (b) Aeolian/submarine sand features, 
e.g. dunes, waves and channels. Palaeotopography 
(unconformity). The curvature of such features may be 
inherited by younger strata. 


placed in this class of problems (Fig. 2): a palaeo- 
topographic surface may display a wide range of 
curvatures which have no bearing upon finite 
strain within the strata below. 

Little can be done to avoid ‘contamination’ of 
curvature extractions by non-tectonic curvatures 
related to sedimentary structures; however, the 
presence of such structures should be apparent 
from the initial mapping. With the benefit of 
this local knowledge, such effects should be 
easily recognizable on curvature maps. 


Partitioning between brittle and ductile strain 

A particular problem with the application of 
curvature maps to fracture prediction is the 
degree to which strain is partitioned between 
brittle and ductile processes. Although it may 
well be the case that some strain is accommo¬ 
dated by ductile processes, this will not totally 
compromise the value of curvature maps, 
whose power lies in provision of a relative 
measure of the spatial distribution of strain. 
The problem of ductile deformation in the con¬ 
text of this discussion is probably most acute 
with structures which form prior to significant 
lithification, such as folds forced by differential 
compaction of underlying strata. 

Many parameters would have to be taken into 
account if one were considering calibration of a 
given curvature map, even given the benefit of 
control points in the form of cored wells or bore¬ 
hole image logs. Issues such as rheology of the 
layer in question at the time of deformation 
(e.g. Gross 1995), strain rate, degree of over¬ 
pressure in the layer and presence of pre-existing 
weaknesses combine to ensure that a general cali¬ 
bration for the prediction of brittle structures 
may be very difficult. 


The problem of tectonic structure 
wavelength: which is relevant to fracturing? 

A very common feature of most geological 
surfaces is that at any one point, the result of 
curvature measurement depends upon the scale 
of observation, with apparently superimposed 
Told wavelengths’ ranging from tens of metres 
to kilometres (Fig. 3). In most places it is 
unlikely to be clear which particular fold wave¬ 
lengths are significant in terms of fracture 
generation. This problem forces departure from 
a strict mathematical approach to curvature 
measurement. Curvature, by definition, has a 
unique value for a given orientation at any 
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Fig. 3. Illustration of the scale of observation effect, which is relevant to specifying appropriate sampling intervals 
for curvature calculation. Example from a central North Sea 3D seismic dataset. Autopicked horizon (yellow) is 
top Chalk. At the scale of a whole survey (top left), large fold structures are apparent. On zooming in, ‘fold’ 
structures can be observed at every scale, down to rugosites and spikes in the autopicked horizon between adjacent 
bins (or CDPs). The bin spacing is depicted below the highest magnification portion (bottom right). At which point 
does tectonic bending relevant to fracture generation give way to irrelevant noise arising from inadequate imaging? 


point on a surface, yet the curvature measured at 
the smallest possible sampling interval is not 
necessarily that which would have been obtained 
at that point had the original, continuous surface 
been measured. The possibility of structures of 
relatively large wavelengths having an influence 
on fracture distribution is another aspect of the 
problem. 

This question should be considered in the con¬ 
text of the algorithms reviewed above, noting 
that most algorithms only employ adjacent grid 
nodes. When a number of superimposed wave¬ 
lengths occur in one place, the fold wavelength 
which is measured at that point will be predeter¬ 
mined by the grid node spacing, yet fracture den¬ 
sity at that point may reflect the superimposition 
of several tectonic wavelengths, or there may be a 
single dominant but spatially variable tectonic 
wavelength. 

As the relevant fold wavelength(s) may not be 
known, algorithms in the forms reviewed above 
are likely to be inadequate. There is, however, 
considerable scope for manipulating a surface 


grid prior to curvature extraction, with the inten¬ 
tion, for example, of enabling measurement of a 
particular wavelength. Some of the options for 
grid manipulation and an alternative method 
for calculating curvature to those already 
described are considered below. 

Decimation Decimation of an initial surface 
grid will enable measurement of longer structural 
wavelengths than could have been detected in the 
initial surface. The choice of new grid spacing 
interval at which to resample the initial surface 
is subjective (the relationship between sampling 
interval and measurable wavelength is described 
later) (Fig. 4a). This approach is prone to error 
in that poor choice of resampling interval may 
lead to omission of key short-wavelength struc¬ 
tures. In this context it is noted that surfaces 
are routinely decimated in the course of mapping 
projects in the interests of saving computer 
memory and time, for example during transfer 
of interpreted surfaces into mapping packages 
for depth conversion. 
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Fig. 4. Alternative options for grid manipulation before or during curvature extraction. Parts i and ii represent a 
bin grid and autopicked surface respectively, in each example, (a) Decimation: a typical bin spacing of 25 m (i) will 
usually be resampled during export to a mapping package to a new grid spacing of, for example, 100 m (iii). A 
surface reconstructed from this new grid (iv) shows that short-wavelength features in the intial surface (ii) were not 
recorded. Further decimation (v and reconstructed surface vi) leads to further loss of information, (b) Smoothing: 
successive smoothing passes over a surface progressively reduce the amplitude of relatively short-wavelength 
features while retaining the original sampling density. Note that the highest-amplitude spikes may not completely 
disappear. Factorizing the initial surface into a low-order polynomial surface (iii) and a residual (iv). (d) Sliding 
window: the initial surface, or slightly decimated equivalent, can be locally resampled at some given spatial 
interval. This window can be allowed to slide across the surface (iv), giving measurements at each grid node. 


Smoothing Smoothing filters are available in 
most interpretation and mapping packages. Use 
of a smoothing filter to ‘remove’ short-wave¬ 
length features enables one to make more of 
the information contained in the initial dataset 
than decimation, as spatial variation in curvature 
is measured at the initial sampling interval (Fig. 
4b). In practice, this approach yields good 
qualitative results (Fig. 5), but there are several 
drawbacks. The specification of smoothing 
parameters is subjective, and the user may not 
be aware of how the smoothing filter actually 
works, obscuring the significance of the results 
in terms of the structural wavelength which one 
is seeking to measure. A considerable range in 
results can be obtained by varying the severity 
of the smoothing pass and sampling interval for 
curvature measurement. The most flexible 
approach to smoothing in this context is prob¬ 
ably use of a Fourier algorithm to remove speci¬ 
fied short-wavelength features. Most gridding 
algorithms incorporate an element of smoothing 
whose effect is difficult to quantify; one of the few 
gridding options free from such hidden smooth¬ 
ing would be a ‘snapping’ algorithm using 
single nearest grid nodes. 

Polynomial fitting The problem of factorizing 
several superimposed tectonic fold structures 
with different wavelengths is essentially the 


same as that of regional-residual separation 
encountered in gravity and magnetic data 
interpretation. Approaches which have been 
developed for these types of data may also be 
applicable to curvature analysis of geological 
surfaces. A potentially useful method involves 
fitting a polynomial function to longer-wave- 
length features (Oldham & Sutherland 1955); a 
surface described by such a fitted polynomial 
could be extracted (via subtraction from the 
initial dataset) and curvature calculated, and 
successively higher-order surfaces could be 
extracted from the residual dataset. This 
approach is similar to a Fourier analysis of the 
initial surface; however, a problem with this 
type of analysis is that the components yielded 
may not have geological significance over the 
entire area, i.e. geological structures of short 
and intermediate wavelengths may be spatially 
isolated rather than pervasive. 

Moving window A way of resampling a surface 
which is similar to decimation, but without the 
disadvantage of omitting data, is not to use the 
adjacent grid nodes in the curvature calculation 
itself, but to use grid nodes offset by some 
number, n. This number can be specified by the 
interpreter to give a curvature ‘filter’ based on 
pseudo-grid spacing ns , where s is the initial 
grid spacing. The calculation of curvature is 










Fig. 5. Ekofisk field topography, fracture intensity and total curvature, (a) top Ekofisk Formation depth surface (Fritsen & Corrigan 1990). Grid node spacing 100 m. 
(b) Tor Formation fracture intensity calculated from well-core and test data. Fracture intensity shaded behind top Ekofisk surface contours. Red dots are the wells: data 
gridded using a convergent algorithm (43 data; Dangerfield & Brown 1987). Total curvature (AY) map calculated at sample interval of 100 m from following 10 smoothing 
passes over the top Ekofisk depth surface with a maximum grid node z value change of 5%. Total curvature shaded behind the smoothed topographic surface. Note the 
steeply plunging curvature accommodation folds (Lisle et al 1990) radially arranged around the flanks of the structure. 
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Fig. 6. Variation in curvature with scale of observation, (a) Measurement of curvature at each grid node using 
adjacent nodes, then second nearest in a given direction (n = 2), then third nearest {n = 3) and so on, could be a 
way of identifying superimposition of fold structures of different wavelengths. The fluctuation of curvature with 
offset from each grid node will vary spatially (b). 


repeated at every grid node. This approach is 
perhaps the most attractive of those reviewed 
here, since it is simple, flexible and operates 
directly on the initial surface. 

Multiple curvature extraction A subjective ele¬ 
ment is common to all of the above procedures 
for factorizing various tectonic structure wave¬ 
lengths; this is unavoidable due to the nature of 
the problem itself. This problem can be 
addressed by extracting curvature over a range 
of intervals at each grid node; all of the 
approaches described above can form the basis 
of algorithms which iteratively decimate/ 
smooth/polynomial fit or simply sub-sample the 
initial surface and calculate curvature. With the 
exception of a decimation approach, a range of 
curvature measurements can be obtained at 
each grid node; one is then faced with the 
problem of how to present these measurements. 
Graphical illustration of curvature against 
offset (Fig 6) shows that the form of such 
curves could indicate the nature of tectonic struc¬ 
ture superposition; however, a method of collap¬ 
sing this information into a single parameter 
which can be presented in map form is not 
clear. In practice, curvature extractions within 
three or four ‘windows’ of varying size should 
give a good chance of covering those structures 
likely to have influenced fracture distributions. 
In choosing which windows to use, one is gov¬ 
erned at the smallest end by the grid spacing of 
the initial surface. For typical modern 3D seismic 
data, this initial grid spacing will be in the order 
of 25 m, and it is suggested that a value of 
approximately 100 m is chosen as the lower 
limit. The largest window width ultimately 
depends on the size of the dataset but particular 
attention should be paid to curvature extractions 
within window widths close in size to the wave¬ 
length of key major fold structures. In the 
absence of prior knowledge of useful window 


sizes, trial and error suggests that a set of curva¬ 
ture maps at 100 m, 400 m and 2000 m window 
widths (n — 2, 8 and 40 for s = 25) provides a 
good visualization of the distribution of tectonic 
structures. 


Large-scale (seismically resolvable) faults 

Faults which are large enough to be resolved 
seismically appear as linear anomalies on curva¬ 
ture maps. While this provides a quick method of 
fault-trend mapping, such anomalies compro¬ 
mise any of the approaches described above 
when the grid node offset n > 1, because they 
are included in the curvature calculation up to 
the nth grid node away from the fault scarp, 
into the fault block. In the North Sea, this prob¬ 
lem is encountered when mapping pre-Upper 
Cretaceous horizons, but large faults are rela¬ 
tively uncommon in younger strata. A method 
of resolving fault block surface curvature adja¬ 
cent to major faults is to shrink the sampling 
window as a fault is approached until n= 1. 
This can be achieved if grid nodes which fall 
within resolvable fault planes are assigned some 
identifying value (e.g. the default indeterminate 
value used by the interpretation software) 
which can be recognized by the curvature extrac¬ 
tion algorithm. Alternatively, one can apply 
various filters to the curvature data itself, such 
as a despiking filter to remove edge anomalies 
related to the top and base of fault scarps. Or 
one could map curvature within fault blocks 
individually. 

Other artefacts influencing curvature 
extraction 

There are several sources of noise in surfaces 
mapped using workstation-based software. This 
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a) autopicked horizon 



deterioration in seismic character 


b) mistie between crosslines & inlines 

j I > M A ** * * LU ft 

Fig. 7. Sources of artificial noise in interpreted 
surfaces, (a) Autopicker becomes erratic as quality of 
the seismic reflector decreases, (b) Misties between 
inline and crossline directions in a manually picked 
surface. It can be difficult to ensure that a surface is 
completely free from such anomalies, and a 
conservative smoothing pass prior to curvature 
calculation should be considered, even if the surface has 
been resampled/decimated. 


noise is purely an artefact of the interpretation 
method, and some examples are illustrated in 
Fig. 7. The degree of noise imparted by the 
autopicker can sometimes be controlled by a 
smoothing filter built into the autopicker itself, 
but overly aggressive smoothing at such an 
early stage in mapping should be avoided, since 
useful short-wavelength information may be lost. 

Sampling problems influencing curvature 
calculation 

Whenever a surface is sub-sampled, it is impor¬ 
tant to be aware of the relationship between the 
new sample spacing and the wavelength informa¬ 
tion which can actually be captured by that 
density of sampling. A considerable amount of 
information regarding sampling and associated 
problems is available in seismic data processing 
literature (e.g. Telford et al. 1976, pp. 376— 
378); some relevant parts are briefly reviewed 
here. 


Sampling theorem 

A fundamental sampling theorem states that a 
regular sampling interval can record wavelengths 
no shorter than twice the sample spacing (in 
the line of section). This theorem determines 
the maximum sampling interval which can be 
used to record any given structural wavelength 
(Fig. 8a). 


Aliasing 

Aliasing is an unavoidable problem in any 
situation which involves sub-sampling of a 
continuous signal or surface, and is summarized 
on Fig. 8. An interval which is twice the sampling 
interval (ns) can be termed the Nyquist wave¬ 
length (A n , Fig. 8b). Any regular structural 
wavelength which is <5A shorter than the Nyquist 
will appear in the new sample grid as (will 
alias as) a non-existent wavelength greater in 
magnitude than the Nyquist (Fig. 8c). In the fre¬ 
quency domain, the relationship between real 
and aliased signals is simple, / n + 8f being 
indistinguishable from f n — if , where f n is the 
Nyquist frequency. The corresponding relation¬ 
ship in the wavelength domain is shown in 
expression 4. 

A n - 8X aliases as A n (A n - <5A)/(A n - 2<SA) (4) 

A graph of this relationship (Fig. 8d) shows that 
if ns becomes larger relative to the wavelength of 
a fold, then the aliased fold wavelength increases 
markedly. 

Anti-aliasing filters are routinely applied 
during seismic processing, but aliasing is inherent 
in nearly every subsequent sampling operation 
in a map-making process. This problem would 
ideally be addressed by removing any structural 
features with wavelengths shorter than the 
sampling interval ns prior to curvature extrac¬ 
tion. This is most effectively achieved by carrying 
out a Fourier analysis of the initial surface and 
removing the harmonics of shorter wavelength 
than the sub-sampling interval ns. 


Dip-related problems 

The axes to which surface grids relate are usually 
arranged such that a reference co-ordinate plane 
(.xy plane) is horizontal and the grid nodes each 
have some altitude (z) relative to this plane. 
Tectonic dip a within any surface will lead to 
an under-sampling of the surface relative to the 
sampling interval ns by a factor of sec a, but 
nothing can be done about this. 

Curvature is defined in terms of the rate at 
which the tangent plane turns with respect to 
distance along the surface itself. Curvature is 
therefore independent of orientation of the xyz 
grid reference frame and is not directly related 
to properties of the surface which are calculated 
with respect to the axes of this system such as 
dip (e.g. dz/dv) or rate of change of dip (e.g. 
d 2 z/dx 2 ). Curvature can, however, be calculated 
from the first and second derivatives according to 
the following expression (for a derivation see 





Fig. 8. Sampling and aliasing, (a) If a given fold pair defines a fold wavelength A, the maximum sampling interval s 
which can be used such that the fold could be reconstructed must be less than A/2, (b) Fold train of arbitrary 
wavelength and a sampling intervalsufficiently dense to record the surface. The surface consisting of folds of the 
Nyquist wavelength for that particular sampling interval is also shown (grey), illustrating the shortest fold 
wavelength which could be captured by the sample grid. The same sample grid as (b) applied to a real fold train 
with a characteristic wavelength (black) shorter than the Nyquist wavelength A n by some length 6\. The sample 
grid records a non-existent (aliased) fold train with a characteristic wavelength which is greater than A n . (d) Graph 
of the relationship between aliased wavelength and real wavelength (see text). Parts (b) and (c) after Telford et al. 
(1976). 


Gasson (1983, pp. 82-84)): 

t,= dW „„ (5) 

[1 + (dz/dx) 2 ] 3/2 

Tectonic dip has a further effect upon algorithms 
which attempt to measure curvature in vertical 
planes passing through the grid nodes. Any sur¬ 
face cut by a vertical plane will give a curve in 


cross-section with a horizontal binormal vector 
b (Fig. 1), however, if the local tectonic dip is 
non-zero and is not parallel to the vertical oscu¬ 
lating plane, the surface cleaver plane will not be 
parallel to the vertical osculating plane and the 
vertical section cannot contain a normal, or 
principal curvature (Fig. 1). The angle between 
surface normal vector N and the bi normal 
vector b is p. The observed curvature ( k ) is 
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related to the normal curvature k n (Lisle & 
Robinson 1995): 

k n — k sin <p (6) 

Local orientation of the surface and hence p 
is estimated by least-squares fitting of a node 
and its eight neighbours to a plane. Indirect 
approaches to curvature measurement from 
grid nodes, such as the angular defect method, 
do not suffer from this problem. 

Grid lattice and principal curvature 
orientation mismatch 

The principal curvatures k x and k 2 are specific 
members of the set of normal curvatures which 
it is possible to measure at any point on a surface. 
Euler’s theorem for normal curvature states that 
k n is related to the principal curvatures: 

k n = k x cos 2 0 + k 2 sin 2 0 (7) 

where 0 is the angle in the tangent plane between 
the orientation in which k n is measured and the 
orientation of k x (Fig. 9). A fundamental prob¬ 
lem with curvature extraction from discretized 
(i.e. gridded) surfaces lies in the fact that the 
orientations of grid node axes x and y are 
unlikely to be parallel to k x and k 2 at any given 
grid node, and 6 is unknown. In other words, 
the relationship between measureable normal 
curvatures k x and k y and the principal curvatures 
k x and k 2 is unknown, as is the relationship 
between measured total curvature K m and 
actual total curvature K (Fig. 10). This problem 
is similar in nature to aliasing in that the initial 
surface is insufficiently sampled to record the 
actual curvature, but unlike aliasing (with respect 
to a given wavelength), the problem is indepen¬ 
dent of sample interval ns. This problem becomes 
more significant as the absolute value of total 



Fig. 9. Angular mismatch between orientation of 
principal curvatures (black arrows) and grid node axes. 
Stratum contours in grey. 


curvature increases. At points with negative 
total curvature, for example, angle 0 might be 
such that k x or k y is parallel to one of the asymp¬ 
totic directions, and the point would have an 
apparent total curvature of zero (Fig. 10). This 
problem mitigates against using only the adja¬ 
cent four nodes to any given grid node for curva¬ 
ture calculation. 

Monitoring of K m at a point of negative K 
during rotation of a synthetic dataset shows the 
relationship between K and K m . The same 
behaviour is shown by a point with positive K 
(Fig. 11a), graphs of K m - K when 0 — 24° for 
various periclinal shapes are shown in Fig. lib. 
A relationship between K m and K can be deduced 
from these artificial examples: 

K m = K[ 1 ±c(cos40- 1)] (8) 

where c is a constant and ‘±’ is the opposite sign 
to that of K. An equivalent relationship describ¬ 
ing K m follows from Eqn 7: 

K m = ^(sin 4 0 + cos 4 0) + (k\ + k\) sin 2 6 cos 2 9 

(9) 

An important implication of Eqns 8 and 9 is that 
K is always less than (or equal to the minimum 
value of) K m (Fig. 11a), indicating that total 
curvature maps calculated from grids are liable 
to be biased towards positive K. The search for 
principal curvatures is analogous to the search 
for principal strain axes from deformed markers; 
in the latter case it is well known that at least 
three data points are required (Lisle & Ragan 
1988). Similarly, curvature measured in two 
directions is clearly insufficient for determining 
total curvature. The relationship between K m 
and K can be used if employing the angular 
defect method of calculation: after computing 
K m using the nearest four grid nodes, repeat the 
calculation using the next nearest four (those 
diagonally offset), and choose the lowest K m as 
the best estimate of K (Fig. 12a). Ideally, an 
algorithm should measure curvature in as many 
directions as possible; algorithms using offsets 
greater than n = 1 have the opportunity to 
measure curvature in several directions addi¬ 
tional to the grid x and y orientations, searching 
for principal curvatures, and/or the minimum 
total curvature (Fig. 12b). 


Discussion 

Regardless of the preferred method for calculat¬ 
ing curvature, considerable variation in the 
results of these calculations may arise from the 
manner in which a surface is sampled. Further 
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0 = 45° 
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Fig. 10. Effect of 0 on measurement of total curvature K . (a) Location with negative K. When 6 = 0 (i), k x and k y 
are parallel to the principal curvatures and the shape is faithfully recorded. At certain values of 6 (ii), one of the grid 
axes may be locally parallel to orientations characterized by k n = 0 (asymptotic directions), and the location 
appears to have zero K. At other values of 6 (hi), the grid node lying directly on the saddle may have a higher 
altitude than its nearest four neighbours, leading to measurement of positive apparent total curvature, (b) Location 
on the crest of a periclinal closure (positive K). As 6 increases, k 2 increases in magnitude while k x decreases and K 
increases. This effect would be more pronounced had the initial location been on the crest of a cylindrical fold 
structure ( k 2 = 0). 


variation occurs if the surface is processed, in 
some way prior to sampling, e.g. decimation or 
smoothing. Some rules of thumb which emerge 
from the above discussions include: understand 
the smoothing elements built into regridding 


algorithms; restrict initial smoothing to a con¬ 
servative despiking pass; retain as dense a grid 
as possible throughout depth conversion; 
calculate curvature at a range of offset grid 
nodes in addition to adjacent nodes; search as 
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h 



Fig. 11. Results of numerical experiments to examine variation of K with 9. (a) Fluctuation of measured K at 
points of positive (upper curve) and negative (lower curve) total curvature during rotation of the surfaces 
containing the points about the surface normal vector N. Actual values of K at each point are indicated by the 
broken lines. The variation in measured K (AT m ) is similar in each case, (b) Calculated difference between measured 
total curvature (^T m ) and actual total curvature (K) when 0 = 45° for points on crests of periclines. By specifying 
that the ellipse which forms the base of the pericline has semi-axes parallel to grid x and y directions and that the 
ellipse passes through the points (±1, ±1), the length of one semiaxis can be calculated from the other 
[Q.g.b = a 2 /(2a 2 — 1)]. The curvatures were calculated using some given fold amplitude (h). The difference in K 
increases as the eccentricity of the structure in plan view ( a/b ) increases. 


many orientations as grid node offset allows. 
Whilst steps can be taken to optimize curvature 
extraction, several factors work against accurate 
measurements, for example, an arbitrary mini¬ 
mum sampling interval is imposed by the initial 
data grid; the transition between noise and tec¬ 
tonic curvature may be poorly defined; as the 
sampling interval increases and more directions 
can be examined, the effects of aliasing may 
have to be considered. 

Assuming an algorithm yields ‘reliable’ mea¬ 
surements of principal and total curvatures, 
each calculated from an appropriate offset 
range, one would ideally like a representative 


curvature map to use alongside other attributes, 
such as results of seismic inversion for porosity 
but should maximum, total or some other 
version of curvature map be used? Lisle (1994) 
argues for the use of total curvature, but it 
should be borne in mind that structures with 
very low or zero total curvatures could still 
have significant strain and tectonic fracturing 
(Fig. 13). Although total curvature is very mean¬ 
ingful in a geometrical sense, there are discrepan¬ 
cies between this property and strain which are 
important if the purpose of the map is to 
convey the spatial variance in strain or some 
related factor. On the other hand, k x maps do 
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Fig. 12. Options for using additional grid nodes in curvature calculation, (a) Use of the second nearest four 
neighbours would help in the situations illustrated in Fig. 10, although they are 41% farther away, (b) A moving 
window approach has the opportunity to sample grid nodes in many more directions as offset ( n ) increases. At 
n — 4, 16 directions can be searched for principal curvatures, with the maximum departure of actual grid node 
separation from search radius ns (broken line) reduced to 12%. 


not discriminate between cylindrical structures 
and more highly strained non-cylindrical struc¬ 
tures. There are many ways of combining the 
principal curvatures other than multiplying 
them together, but a simple and meaningful 
approach would be to add their absolute magni¬ 
tudes. A reason to use this index is that is takes 
account of both maximum and minimum curva¬ 
ture without falling to zero as minimum curva¬ 
ture falls to zero. A map of l^il + fel ma Y 
therefore give a more realistic portrayal of finite 
strain distribution than either K or k\. 

Curvature extraction is similar in principle to 
the extraction of other surface properties such as 
dip and azimuth; the sampling issues discussed 
here are also relevant to the calculation of these 
attributes. In contrast to these lower-order 
attributes, curvature maps have the potential to 
illustrate the spatial variation in fracture density, 
a key reservoir characteristic. The discussions pre¬ 
sented in this paper are intended to illustrate some 
of the problems which must be considered when 
designing a curvature algorithm to operate on 
large grids of sub-surface data such as those 
which arise from 3D seismic datasets. Calibration 

Tight, cylindrical closure Low amplitude dome 



kmin — 0 

kmax > kmax and kmin 

K = 0 K = +ve 

Fig. 13. The problem of which curvature parameter to 
select when presenting curvature extraction, (a) 
Approximately cylindrical structures, such as 
monoclines above inverted faults, may well have 
significant associated fracturing, yet low or zero total 
curvature; would the crests of such structures 
necessarily be any less fractured than a location of 
non-zero K (b)? 


of curvature for a property such as fracture den¬ 
sity seems a particularly formidable task, but the 
ability to depict relative spatial variance in strain 
for very little cost or computer time makes curva¬ 
ture extraction a valuable part of any prospect 
evaluation where tectonic fractures are considered 
to be important. 
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Abstract: In upper-crustal structures, folding by flexural slip leads to the partitioning and 
ordering of strains, which are commonly expressed by means of faults, fractures and 
joints. Flexural slip occurs along only some of the numerous layer-to-layer contacts within 
a sedimentary rock sequence, and these active bedding-plane slip surfaces partition the 
succession into mechanical units, each of which, although composed of many rock layers, 
deforms as though it were a single beam. Thus, in upper-crustal flexural-slip folds, the 
strain domains associated with bending are sharply delimited by the active slip horizons 
and also are related to structural position within the beam. Progressive folding leads to the 
development of additional active slip surfaces and, therefore, to an increased number of 
mechanical units which each develop bending strains. As a result of this sequence of 
events, there is a hierarchical overprinting of strains, which leads to considerable complexity 
in fracture fabrics; nevertheless, order in the fracture patterns is retained. Most petroleum 
reservoirs appear to be affected by fracture networks created during flexure, and their fluid 
flow characteristics are probably related to a fracture-dominated, flexural deformation 
state which is disposed relative to the layering, is inhomogeneous, and is not distributed 
stochastically throughout the whole rock volume. 


Fractures are an important element of petro¬ 
leum reservoirs. Predicting the distribution of 
fractures (orientations, densities, extents), 
and creating flow simulations based on the 
effects of fracturing, are topics of current inter¬ 
est. Our contribution to this subject is to empha¬ 
size the role of bedding-plane slip in the 
partitioning of strain during flexural-slip folding 
on scales appropriate to commercial oil-fields. 
We argue that some of the major fracture sets 
commonly encountered in folds of this size are 
directly related to flexural slip. The fractures 
are the expression of strains that develop 
within the mechanical units that arise as slip 
occurs. 

Our approach in this paper is to review some 
basic concepts concerning flexure, and to exam¬ 
ine these ideas in the context of those structures 
typical of the upper crust where slip on bedding 
planes, and fracturing, are the dominant expres¬ 
sions of deformation. We establish an ‘expected 
state’ of deformation in a very simple flexure 
and then consider the mechanical alterations of 
that state which occur as slip takes place on 
only some of the available bedding planes. 
Examples of flexural deformations show a hier¬ 
archical development of bedding-plane slip, 
with complex overprinting of strains. We argue 
that a flexural-slip model of fold-associated 
fracturing can be used to make predictions as 
to the size, location and extent of fractures, 
leading to a better understanding of their petro¬ 
physical effects. 


Flexures 

Some previous work on flexural deformation 

There is a considerable body of work which 
examines the strain distribution expected within 
rock layers affected by folding. The simplest 
case is where a single, isolated layer (Fig. 1A) is 
deflected into a smooth shape (Billings 1972, 
p. 119; Hills 1972, p. 227; Ramsay & Huber 
1987, p. 458). A ‘neutral surface’ (or fibre) is 
thought to divide the layer into elongated and 
shortened parts, which are thinned and thick¬ 
ened, respectively, and which can be inferred 
to have developed contrasting states of stress 
(Fig. IB). This model leads to a major problem 
when it is used to create fold pairs (continuous 
anticline-syncline couplets): abrupt stress state 
reversals, and abrupt changes in position of the 
neutral fibre, are predicted in the common limb 
of the fold pair (Fig. 1C). This arrangement is 
clearly impossible. 

The problems associated with this along-limb 
change of state are eliminated in the transverse- 
longitudinal strain (TLS) model (Fig. ID) 
described by Ramsay (1967, p. 398; see also 
Bayly 1992, pp. 30-36). This model assumes 
that principal strains are either perpendicular 
or parallel to layering, and that the total layer 
thickness does not change during folding. 
Within the layer, a finite neutral surface is 
assumed to exist, and its curvature can be used 
to calculate a strain distribution which honours 
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Fig. 1. (A) Antiformal deflection of isolated layer (with free ends) showing neutral fibre and regions of elongation 
and shortening strains. (B) Stress states inferred from strains depicted in (A), with regions of thinning and 
thickening. (C) Difficulties arising from double flexure (antiform + synform). (D) Transverse-longitudinal strain 
model (after Ramsay 1967) showing strain ellipses. (E) Flexural-flow model (after Ramsay 1967). 


the above conditions. In this situation, the 
neutral surface is not parallel to the layer bound¬ 
aries, but instead it reflects a partitioning of the 
layer into thickened and thinned parts that 
have a compensatory relationship such that the 
total thickness of the layer remains constant. 
This model has been used to guide and explain 
a number of studies of folds, including field 
investigations (e.g. Hara et al. 1968; Groshong 
1975; Ramsay & Huber 1987), laboratory model¬ 
ling (e.g. Hudleston 1973), and theoretical 
analyses (e.g. Fletcher 1979; Hudleston & Lan 
1993; Lan & Hudleston 1995). 

The flexing of multilayered sequences may, 
however, involve a major component of motion 
parallel to the layering, and there is a basis for 
questioning the relevance of the TLS model in 
this situation. Flexural-flow (Fig. IE) and 


flexural-slip models have been developed to 
account for the localization of displacement 
associated with mechanically weak layers, or 
weak interfaces within a layered package (Ram- 
berg 1961; Donath & Parker 1964; Ramsay 
1967; Ramsay & Huber 1987; Tanner 1989). 
Hudleston et al. (1996) have challenged the valid¬ 
ity of the flexural-flow mechanism on the basis of 
numerical work which suggests that the anisotro¬ 
pies required to produce the geometries and 
strains predicted by the flexural-flow model are 
unlikely in natural materials. They argue instead 
that equivalent fold profiles and strain patterns 
can be achieved by the deformation of stacks of 
thin, alternating layers that have a large viscosity 
contrast. In their suggestion, the stiff layers 
develop TLS and the weak layers deform by 
simple shear. 
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Stress state in bending deformations 

Upper-crustal folds which have (or might have) 
entrapped commercial quantities of petroleum 
are the primary subjects of this paper. The 
development of such folds is often dominated 
by fracturing, faulting and other discontinuities, 
and an understanding of the distribution of that 
deformation is important for reservoir manage¬ 
ment. As the geometries of fracture patterns 
can be related to the states of stress which 
caused them (Friedman & Sowers 1970; Stearns 
et aL 1981; Hancock 1985; and references 
therein), we need to establish the state of stress 
which is likely to exist in a flexure. 

We take as our example a symmetric, double 
flexure (antiform/synform pair), but we empha¬ 
size that the primary elements of the stress state 
are also shown by asymmetric folds. The stress 
field we expect in a single-layer flexure (Fig. 2) 
is derived from studies that use: photoelastic 
methods (Currie et al. 1962; Friedman & 
Sowers 1970: plane stress); mathematical model¬ 
ling (Hafner 1951; Couples 1977; Gangi et al 
1977: plane strain, results projected onto non- 
rectangular shape); and experimental models of 
rock layers folded under confining pressure 
(Handin et al 1972; Friedman et al 1976#, b , 
1980: approximately plane strain). 

This stress distribution (Fig. 2) differs con¬ 
siderably from that which is suggested by either 
the simple neutral surface approach (Fig. IB), 
or which might be inferred from the TLS model 
(Fig. ID). In this double flexure, principal- 
stress trajectories are normal or parallel to layer¬ 
ing in only limited areas, and throughout the 
remainder of the folds they are inclined to the 
layer boundaries. Nearly everywhere in these 
flexures, the stress trajectories are curved, and 
sometimes sharply so. The strains associated 
with this stress field must be equally complex if 
they are co-axial with the stresses (as we might 
expect for low strain magnitudes). They differ 
markedly from the strains predicted by assuming 
the presence of a neutral fibre, especially in the 



Fig. 2. Stress trajectories from pure bending of double 
flexure. Solid lines show orientations of cr L (maximum 
compressive principal stress). Minimum principal stress 
trajectories (not shown) form orthogonal set to cq 
orientations. See text for references. 


limbs. However, the fold -limb strain pattern sug¬ 
gested by this stress field compares favourably 
with that predicted by flexural flow, and with 
the multilayer model described by Hudleston 
et al. (1996). Later in this paper we will return 
to these comparisons. 

The pattern of deformation illustrated in Fig. 2 
is the stress state we expect to develop in a simple, 
single-layer flexure. We focus on stress because 
of our interest in the primary deformation 
mechanism in upper-crustal flexures, i.e. frac¬ 
turing, whose formation is best understood in 
these terms. 

Expression of fracture strains in natural 
flexures 

Strains in natural folds can, of course, be 
expressed in a variety of ways. Here, we are con¬ 
cerned with deformation mechanisms that result 
in joints, fractures, and small faults, with fairly 
low bulk strains: perhaps a few per cent. Notion- 
ally, these responses are typical of deformation 
occurring in the upper 5-10 km of the crust, 
and if we seek to make advances in understand¬ 
ing the folding process, our models need to 
explain the main observations. 

Based on the predicted stress state distribution 
(Fig. 2), flexures developed in upper-crustal 
locations may be expected to have fracture/ 
fault patterns which indicate regions of both 
layer-parallel elongations in the outer arc and 
contractions in the inner arc, as in TLS (Fig. 3). 
We note that such fracture/joint patterns have 
been recognized in folded rock sequences by 
many workers (Price 1967; Stearns 1967; 
Ramsay & Huber 1987; Hancock 1985; Price & 
Cosgrove 1990; Ameen 1992; and other refer¬ 
ences cited by these authors), and we interpret 



Fig. 3. Fractures and small faults that accommodate 
bending strains within a single thick layer (terminology 
after Stearns 1967). 
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Fig. 4. (A) and (B) Fracture assemblages indicating 
within-layer motions. (A) Scheme from Stearns (1967); 
(B) scheme from Price (1967). (C) Fractures 
characteristic of fold limbs. 


these fracture patterns to be intimately asso¬ 
ciated with bending. 

However, there are additional fracture/joint 
orientations that are commonly observed in 
folds which cannot easily be related to the 
bending stress state. For example, consider the 
bedding-normal fracture sets of Stearns (1967) 
and Price (1967) as depicted in Fig. 4. If we 
accept that the fractures shown in Figs 3 and 4 
are conjugate sets, or assemblages, and that 
implied stress orientations are defined entirely 
by the geometry of each fracture assemblage, 
then four different states of stress are suggested 
in the anticline. Using Steam’s terminology: 
Type 3a and 3b assemblages have o 2 lying in 
the bedding and oriented along the fold axis, 
but have reversed maximum and minimum 
stresses; and Type 1 and Type 2 assemblages 
have cr 2 normal to bedding, but again, these 
sets indicate a reversal of maximum and mini¬ 
mum stresses. The spatial variation of stress 
states created by bending (Fig. 2) appears to 
explain the creation of fracture Types 3a and 
3b (Fig. 3), but Type 1 and 2 assemblages have 


no apparent mechanical explanation that arises 
directly from the stresses caused by bending. 
Below, we suggest an origin for these assem¬ 
blages associated with the flexural slip process. 

There are still other complexities related to the 
fracture patterns commonly seen in folds. Addi¬ 
tional observations (primarily from sandstones; 
for examples, see Jamison & Stearns (1982), 
Aydin & Reches (1982) and Antonellini et al. 
(1994)) indicate that fracture orientations in 
folds can be more complex than those illustrated 
in Figs 3 and 4. The fracture patterns we have 
depicted here are those that are expected in 
plane strain deformation, whereas the patterns 
typical of many folded sandstones are indicative 
of triaxial strain (Reches 1978). Although the 
subject of rheology is not the primary focus of 
this paper, we note that the ‘sandstone’ fracture 
patterns often reflect compactant volume strains 
(D’Onfro et al. 1994; Couples & Lewis 1997, 
1998). The stress orientations inferred from 
these more complicated fracture patterns seen 
in folded sandstones (Jamison & Stearns 1982; 
Lewis & Couples 1993) are, nevertheless, similar 
to those derived from fractures that formed in 
plane-strain modes. 

Still another group of fracture types needs to 
be considered. Many folds may have more-or- 
less planar limbs connecting localized hinges. 
Within these planar limbs, ‘bending’ fractures 
(Types 3a and 3b) are infrequent. Type 1 and 2 
fractures are present, but there are other frac¬ 
tures which may be related to flexure. These 
fractures (Fig. 4C) are most easily attributed to 
the direct effects of bedding-plane slip, as con¬ 
jugates (Stearns 1967), as incipient ramps or 
duplexes (Couples 1986; Tanner 1989, 1992a), 
or as the ‘headwalls’ of slip patches (Cooke & 
Pollard, 1994, 1996; Cooke et al. 1998). The 
lack of distinct curvature of the layers in these 
limb locations makes it difficult to associate 
these fractures with bending, but we believe 
that they can be related to flexural slip (see 
below). 

However, even though explanations can be 
offered for the creation of individual fracture 
sets, there is still the conundrum posed by the 
concurrent presence of multiple fracture types 
in a fold. Interpretation problems also arise in 
situations where fracture patterns are quite 
complex, and their classification into sets is not 
straightforward. Still greater difficulties occur 
when fracture sets are in apparent conflict, such 
as where Types 3a and 3b are both present. In 
this paper we develop a model which provides 
an explanation for many of these complexities 
as an expected mechanical consequence of 
bedding-plane slip. 
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Strain evolution and partitioning 

Role of Bedding-Plane Slip 

Many workers have recognized the importance 
of bedding-parallel slip in folding (Cloos & 
Martin 1932; Kuenen & de Sitter 1938; Donath 
& Parker 1964; Ghosh 1968; Ramsay 1967; 
Chappie & Spang 1974; Dubey & Cobbold 
1977; Johnson 1977; Behzadi & Dubey 1980; 
Tanner 1989, and other references therein; 
Higgs et al. 1991; Ameen 1992). However, we 
believe that it is useful to reconsider some of 
the mechanical concepts which have come to be 
widely accepted. For example, a common 
(though not universal) notion is that flexurally 
induced slip occurs on all bedding surfaces, or 
at least on each competent/incompetent bound¬ 
ary, within a sequence of layered rocks. This 
process model is inherent in the ‘deck of cards’ 
demonstration of flexural folding that many 
have encountered in their undergraduate 
education. However, the deck of cards view is 
inappropriate on two counts: it is based on free 
ends (see above), and slip in real folds is not 
equally distributed onto all available surfaces. 
Instead, bedding-parallel slip is generally 
restricted to some bed-to-bed contacts, and 
other (apparently similar) interfaces appear to 
remain welded together (Chappie & Spang 
1974; Johnson & Page 1976; Behzadi & Dubey 
1980; Tanner 1989; Fitches et al 1990; Tanner 
1990, 1992a). Further examples of this localiza¬ 
tion of flexural slip are reviewed below. 

Some of the questions that arise include: Why 
are only some surfaces activated, and indeed, 
what is the mechanical reason for slip along 
any surface? Do the functioning slip surfaces 
become active all at once, or is there some 
sequence to their activation? What are the con¬ 
sequences, for the development of bending 
strains, of such kinematic partitioning? 

We argue here that bedding-plane slip devel¬ 
ops in a sequential, hierarchical fashion, and 
that, although the distribution of the resulting 
strains (expressed as fractures) is complex, it is 
ordered. Let us begin by imagining that in a 
developing fold, some bedding planes are 
experiencing slip. These active bedding-plane 
slip surfaces serve to separate the stratigraphic 
succession such that each of two regions (lying 
above and below the slip surface, and further 
bounded by adjacent slip surfaces) develops its 
own bending-caused deformation state 
(Fig. 5A). If several slip surfaces are active, 
then each of them bounds bending deformation 
that is occurring both above and below the sur¬ 
face. The packages of layered rock so delimited 
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Active 

Slip 
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Fig. 5. Mechanical units and superposition of strains. 
(A) Mechanical units defined by active layer-parallel 
slip surfaces. (B) Antiformal portion of active 
mechanical unit showing position of next-to-be- 
activated slip surface. (C) Bending strains (fractures) 
developed as a result of segmentation of previous 
mechanical unit. (D) Illustration of overprinting of 
previous fabric with new fracture sets created by 
higher-order mechanical units. Note regions where 
fabrics are contradictory. 


(i.e. above and below the active slip) are here 
called ‘mechanical units’ to emphasize that their 
definition is intimately linked to the mechanics 
of the process (that is, bending-associated defor¬ 
mation of a package of rock layers delimited by 
bedding-parallel slip). The package of layers 
bounded by the slip surfaces in Fig. 5A is such 
a mechanical unit. 

What happens to a current mechanical unit 
when a new bedding-plane slip surface becomes 
operative within it? If we focus on the antiformal 
part of the flexure, an active mechanical unit will 
have its set of elongational and contractional 
fracture fabrics (these will transect the indivi¬ 
dual, but so-far mechanically indistinct layers 
of rock that constitute the unit; Fig. 5A). When 
that mechanical unit is subsequently divided by 
the activation of a new slip surface somewhere 
within the package of layers (Fig. 5B), the 
newly defined mechanical units will each develop 
sets of elongational and contractional strains, 
probably expressed by fractures (Fig. 5C). The 
progressive activation of bedding-plane slip sur¬ 
faces in a flexure will lead to a complex series 
of deformation states such that the combination 
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of the earlier fracture fabrics, and those that are 
newly created, produces patterns of strain 
(Fig. 5D) that would appear contradictory if 
they were assumed to be the result of a single 
stress state. In our view, the interpretation of 
strain in multilayer flexures cannot be attributed 
to a single deformation state, but instead, the 
total state of strain represents a cumulative pro¬ 
cess in which different stress states, possibly of 
different sign, are superimposed. 


Examples of hierarchical flexural fabrics 

This sequential development of active slip 
horizons seems to be common in cases we have 
studied. Measurements from chevron-folded tur- 
bidite sequences show that the spacing of bed¬ 
ding-plane slip surfaces decreases as the dip of 
the bedding increases, and as the folds become 
tighter (Tanner 1989). These data are supported 
by the work of Hutchinson (1995; developed 
from previous discussions by Busk (1929), de 
Sitter (1958) and Ramsay (1974), on folded 
rocks), who finds that unconsolidated sediments 
that are being extended can be affected by 
flexural slip, and that both the net slip and the 
spacing of slip are related to the dip. In Hutchin¬ 
son’s compilation, flexural slip affects surfaces 
with dips as low as one degree. 

Another example that illustrates the sequential 
development of flexural slip is from Rattlesnake 
Mountain anticline, located in northwestern 
Wyoming. This fold is an asymmetric structure 
expressed by Palaeozoic carbonate rocks 
(Fig. 6A); it has a core of faulted crystalline base¬ 
ment, and the structural relief is some 2+km 
(Stearns 1971, 1978; Couples 1986). The folding 
occurred in an uppermost crustal setting (less 
than 3 km maximum overburden), and the carbo¬ 
nate rocks of this anticline are essentially free of 
internal strain other than small faults, bedding- 
plane slip, fractures and joints (twinning strains 
amount to only a few per cent, where present, 
and the strain associated with pressure solution 
is virtually nil). Although the cause of this struc¬ 
tural feature remains quite controversial (com¬ 
pare contrasting cross-sections by Stearns 
(1971) and Brown (1988; see also Stearns 1978; 
Couples & Lageson 1985; Rodgers 1987; Narr 
& Suppe 1994), our interest here is only in how 
the cover rocks achieved their folded shape, 
and in the way that the folding strains developed. 
The debate over the origin of the uplift is 
irrelevant to this paper. 

At Rattlesnake Mountain, the Palaeozoic 
carbonate rocks (Ordovician to Lower Carboni¬ 
ferous: approximately 1 km thick) maintained 


their thickness during the folding (Stearns 1971, 
1978) except in very localized circumstances 
(Couples 1986, 1998). As a consequence, and 
because of the excellent exposure, this structure 
provides an ideal setting to study flexural-slip 
folding. The fractures in the folded carbonate 
rocks conform to the assemblages depicted in 
Figs 3 and 4A, and there are abundant examples 
of overprinting as depicted in Fig. 5. 

The largest example of this superposition of 
fracture/fault patterns occurs in the crestal 
region of the fold (Fig. 6). Here, an earlier 
episode of layer-elongation strain (small horst/ 
graben sets) is overprinted (and offset) by a 
major bedding-plane slip surface and its conti¬ 
nuation as a contractional fault where it slightly 
transects bedding. We interpret these relation¬ 
ships to mean that a thick mechanical unit 
existed first (with strains expressed as horst/ 
graben), and that this earlier mechanical unit 
was segmented into thinner mechanical units by 
the development of a new bedding-parallel slip 
horizon. Thus, the anticlinal location depicted 
in Fig. 6B was in the upper, extensional portion 
of an initial, thick mechanical unit, and later 
it became the contractional (lower) part of a 
thinner mechanical unit. 

The interpretation that thick mechanical units 
are divided into two or more thinner ones (by 
the activation of previously dormant bedding sur¬ 
faces) is borne out at Rattlesnake Mountain 
through a range of scales (Couples 1986, 1998). 
Indications of slip (such as those described 
above, plus direct evidence in the form of local 
detachments and striated bedding surfaces) have 
been studied throughout the exposure of the fold 
(which is approximately 25 km long and cut by 
numerous deep canyons). Overprinting relation¬ 
ships, and the size of the implied mechanical 
units, permit these observations to be grouped 
into a hierarchy of slip-surface activations, in 
which the first-formed slip surfaces bound thick 
first-order units, and later-activated slip surfaces 
bound thinner, higher-order units (Couples 
1986). In other parts of the Rocky Mountain fore¬ 
land, similar superposition relationships are noted 
(D. Weinberg, pers. comm. 1996). 

We believe that the evidence from Rattlesnake 
Mountain records the progressive activation of 
slip surfaces as bending proceeds. Bending strains 
and stresses build up in the portions of the fold 
where flexure (curvature) is higher, but these do 
not increase indefinitely because of the ‘relief’ 
brought about by the creation of higher-order 
mechanical units caused by activation of addi¬ 
tional bedding-plane slip surfaces. That is, the 
process of creating higher-order mechanical 
units limits the magnitude of the strains developed 
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Fig. 6. Rattlesnake Mountain anticline, northwest Wyoming. (A) Cross-section (after Couples 1986). 

Mz = Mesozoic rocks, Pz C0 3 = Palaeozoic carbonates, C = Cambrian shales, pC = Precambrian. (B) Line 
drawing of north wall of Mooncrest Canyon (Sections 27 and 28, T 54 N, R 104 W, projected). Middle portion of 
Mississippian (Lower Carboniferous) Madison Limestone is at top of canyon, and top of Ordovician Bighorn 
Dolomite exposed in canyon bottom. Note extensional horsts and grabens (first-order fabrics) offset by second- 
order slip surface and associated contractional fabrics. 


at any point in the fold, and so determines the 
distribution of, in this instance, the fracture 
fabrics, and their intensities. 

Based on the interpreted sequence of slip 
activation (Couples 1986, 1998), we conclude 
that the flexural-slip folding at Rattlesnake 
Mountain occurred progressively. Early in the 
flexing, the stratigraphic succession was divided 
into a small number of thick packages of rock 
layers (mechanical units), bounded by then- 
active slip surfaces. Later, and especially where 
the curvature became more pronounced, more 
and more slip surfaces developed, thereby 


creating a larger number of mechanical units. 
Within each mechanical unit (still composed of 
a large number of rock layers) strains are 
expressed by fracturing and faulting. 


Verification in models 

Although the sequential and hierarchical develop¬ 
ment of mechanical units in the flexural-slip fold 
at Rattlesnake Mountain is a well-founded 
interpretation, we recognize that alternate 
explanations could be offered. Furthermore, the 
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cautious geologist might point out that the layer- 
parallel motions discussed above cannot be 
proven in many folds, since there generally are 
no clear markers available for the measurement 
of offsets, and so slip surfaces cannot be positively 
identified. These difficulties are overcome (or at 
least greatly mitigated) by the use of modelling. 

Physical models Physical models of the sort 
described by Weinberg (1979), Couples et al. 
(1994) and Couples & Lewis (1998) have thin 
(c. 1 cm thick) packages of rock layers which are 
deformed (under realistic confining pressure: 
50 MPa) into asymmetric folds by the uplift and 
rotation of a pre-machined steel-block loading 
assembly. The resulting fold geometries replicate 
the anticlinal shape of the Rattlesnake Mountain 
example described above, and superimposed grids 
and post-experiment sections permit detailed 
analysis of the mechanics of the folding process 
(Couples et al 1994). In this type of model, 
which comes from a series of studies on folding 
using rock materials (Handin et al 1972; Fried¬ 
man et al 1976a, b , 1980; Couples et al 1994; 
Patton et al 1997), the (interpreted) stress field 
which develops in the thick rock layer is that of 
a Thick beam bend’ (Fig. 2; Friedman et al 
1976Z>; Couples 1977; Gangi et al 1977; Couples 
et al 1994). 

The design of these models permits a simple 
test of the concept that mechanical units are 
created during flexural-slip folding. The single 
thick layer of limestone in the models of Couples 
et al. (1994) (Fig. 7A) is replaced in other experi¬ 
ments (Couples 1986; Couples & Lewis 1998) by 
a package of four thin limestone layers yielding 
the same overall thickness. During uplift and 
folding, slip occurs first on only the middle 
interface of the four-layer package (Fig. 7B), 
but as the structural relief becomes greater 
(Fig. 7C), slip occurs on all three of the package’s 
layer-to-layer interfaces. These models provide 
striking support for strain partitioning as a con¬ 
sequence of layer-parallel slip, demonstrating 
that mechanical units are created during folding, 
and that an increased number of mechanical 
units develops as the folding proceeds. 

Numerical simulations 

Physical models of the sort described above are 
limited in terms of the flexibility of their design; 
for example, rock layers cannot be machined to 
less than about 1.5 mm in thickness, thus limiting 
the number of layers in a package, and the 
friction coefficient of the interfaces can only be 
that of rock/rock contacts (c. 0.6) or of lubricated 
contacts (c. 0.1). On the other hand, numerical 
models permit investigation of a range of 



Fig. 7. Hierarchical development of inter-layer slip in 
limestone layers of folded rock models. (A) Thick 
( c . 1 cm) single-layer limestone beam showing stress 
state like that of Fig. 2 (after Couples et al 1994). 
Movement of forcing assembly shown underneath 
limestone packages. (B) and (C) Offset of marker grid 
lines in four-layer packages of limestone (each layer 
c. 2 mm thick); models otherwise identical to the single¬ 
layer models. In (B), structural relief is small, and only 
middle interface is activated. In (C), at higher structural 
relief (comparable to that illustrated in single-layer 
model (A)), all layer boundaries have experienced slip, 
and there are four mechanical units (after Couples & 
Lewis 1998). 


variation (in parameters and number of layers), 
and, in principle, a nearly infinite number of 
intermediate geometries can be evaluated to 
define the full path of any process. 

We describe here a single numerical example 
(Fig. 8) in which finite-element methods are 
used to model the sequential and hierarchical 
development of layer-parallel slip in a four- 
layer package (with frictional interfaces) flexed 
into an antiformal shape (Couples et al 1996). 
Early in the deflection sequence, no slip occurs 
(Fig. 8A), but slightly later, the middle interface 
is activated, thereby creating two new mechani¬ 
cal units (Fig. 8B). Later, all three interfaces 
are active (Fig. 8C), and four mechanical units 
exist. Stress state discontinuities occur along 
the slip horizons, as do strain discontinuities, 
thereby confirming the creation of separate 
mechanical units. Layer-parallel slip is progres¬ 
sively developed as flexure increases. 


Discussion 

Complex strain states 

In a developing fold, consider the (temporary) 
case where only a single first-order mechanical 
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Fig. 8. Numerical model of flexure (bending) of 
multilayer subjected to half-wavelength sinusoidal 
deflection at its base. In starting configuration the four 
layers are planar, and each is 2000 m long and 50 m 
thick. They are assigned equal elastic constants, and the 
inter-layer frictional contacts are identical (/x = 0.6) on 
all interfaces. In these plots, maximum displacement is 
always shown at same size. Lines represent selected 
finite-element boundaries. (A) At 10 m deflection, no 
significant slip has yet occurred, and only one 
mechanical unit exists. (B) At 50 m deflection, central 
interface has slipped, defining two mechanical units 
(each composed of two layers). (C) At 200 m deflection, 
all interfaces have slipped, and four mechanical units 
are present. Calculations done in 1979, using ANSYS 
©■Top and side boundary conditions are constant 
pressure, basal b.c. is displacement. Materials are 
elastic. 


unit has been created (that is, there is only one set 
of bending strains), and focus attention on one 
such unit bounded above and below by slip hor¬ 
izons. Bending strains in this mechanical unit are 
localized, both to their appropriate relative posi¬ 
tions, and by the spatially variable degree of cur¬ 
vature of the flexure. These strains are 
heterogeneous across a range of scales, in terms 
of the intensities (expressed as either spacing or 
size, or both), and, at the larger scale in terms 
of the orientations, of the resulting fractures. If 
an inversion procedure (to define the causative 
stress state) is applied to this fracture population, 
it will yield different results as its sampling 
window is moved and/or resized. 

Now consider the (subsequent) case where 
multiple orders of mechanical units have devel¬ 
oped during folding. Each mechanical unit has 
the heterogeneous strain field described above; 
in addition, the strains of the higher-order 
(later-developed) mechanical units are superim¬ 
posed onto those created earlier. The complexity 
of the analysis is compounded as a consequence 
of this overprinting such that effective inversion 


of the fracture data is likely to be impossible if 
only orientations and intensities are considered. 

However, the model of flexural-slip folding 
that we describe here provides a means to under¬ 
stand the partitioning of strain, and a framework 
for analysing the distribution of discontinuities 
in folded rock sequences. Overprinting of strain 
features denotes the likely presence of hierarchies 
of mechanical units and instigates a search for 
the bounding surfaces. Reversals of strain state 
(changes of sign: layer-parallel extension to con¬ 
traction, or vice versa) along bedding-normal 
profiles indicate that a significant mechanical 
boundary has been crossed: either a slip surface, 
or a ‘neutral zone’ within a mechanical unit. An 
integrated analysis can reveal the mechanical 
sequence of events, and the conceptual model 
then provides a template for interpreting the 
heterogeneous strain information. 

In the development of flexural-slip folds, inter¬ 
layer slip is typically localized to a sub-set of 
the available bedding horizons. The slip surfaces 
that are activated by the folding process are 
initiated in a hierarchical fashion, defining 
time-dependent sets of active mechanical units. 
Within each active mechanical unit, strains 
develop in response to bending, and overprinting 
of strains occurs as new mechanical units come 
into existence. 


Inchworm motion 

However, this model so far accounts for only a 
portion of the fractures actually observed. Here 
we consider whether the bedding-plane slip pro¬ 
cess (in contrast to bending) may be associated 
with the formation of other fracture sets, such 
as Stearns’ (1967) Type 1 fracture assemblage 
(Fig. 4), or the equivalent geometry of the S 3 , 
S 4 and T 4 fractures of Price (1967). These frac¬ 
ture assemblages are ubiquitous features of 
folds around the world, producing the ‘flatiron’ 
and ‘hogback’ geomorphic expressions of dip¬ 
ping rock units (which we argue involve flexural 
slip), and their presence can hardly fail to have 
significant petrophysical effects (e.g. Stearns & 
Friedman 1972). Stearns’ Type 2 fractures, 
although they are generally smaller and conse¬ 
quently have less of a geomorphic impact, never¬ 
theless are significant in terms of their impact on 
the fluid flow characteristics of reservoirs 
(Nelson 1991). Even though these two fracture 
assemblages are important elements produced 
by the folding, and even though they probably 
affect the resultant flow characteristics, the 
mechanical explanation of their development is 
not clear: the implied responsible stress states 
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cannot be easily related to any model of fold gen¬ 
esis (including the flexure state described above). 

If these fracture assemblages (Types 1 and 2) 
are each interpreted to represent conjugate sets 
(following Stearns (1967)), then in-bedding 
motions are suggested for both assemblages. 
The shear fractures of the Type 1 assemblage 
are particularly interesting: in our experience, 
they are vertically limited by bedding-parallel 
slip surfaces, and, in cases where it is possible 
to make observations, they are laterally limited 
by swarms of Type 2 fractures. Thus, these two 
assemblages seem to be intimately related to 
active slip horizons, and to each other. Low- 
order (thick) mechanical units in some folds 
may be defined by bedding-plane slip surfaces 
which may be hundreds of metres apart, and 
the Type 1 fractures related to these seem to 
form the boundaries of the major flatirons. 

We here suggest the beginning of a more 
complete mechanical explanation of these ‘non¬ 
bending’ fracture sets: Type 1 shear fractures 
represent the lateral margins of areally limited 
(perhaps kilometre scale for the major ones), 
dynamic(?), bedding-parallel slip events (Fig. 9). 
In other words, the movement of rock units in 
fold limbs may occur in an inchworm fashion, 




Fig. 9. Inchworm effect of bedding-plane slip. (A) 
Anticline showing two mechanical units, and ‘patch’ of 
active bedding-parallel slip is shaded. (B) As (A) but 
with shaded volume removed. Note striations on 
bedding, and on wall of Type 1 fracture, indicating 
approximately up-dip motion of dynamic block. 


with only part of the moving ‘sheet’ (i.e. mechan¬ 
ical unit) experiencing motion at any time. 
Energy arguments for such localization in the 
case of thrusting have been emphasized by 
Price (1988). Cooke & Pollard (1994, 1996) and 
Cooke et al. (1998) also highlight the importance 
of localization of bedding-plane slip, and the 
fractures created as slip varies along a bedding 
plane (Fig. 4C; see also Means 1989). 

Similar spatial/temporal variation of active 
bedding-plane slip is implied by our model for 
the formation of Type 1 (and Type 2) fractures. 
The full analysis of this hypothesis will require 
the creation of three-dimensional (3D) numerical 
simulations (see also Cooke & Pollard 1994, 
1996; Cooke et al. 1998). We consider that it is 
possible that these ubiquitous, but heretofore 
unexplained, fracture assemblages are the result 
of dynamic slip events, and the (temporary?) com¬ 
plexity of stress states that could conceivably result. 


Process implications 

The progressive activation of bedding-parallel 
slip surfaces in flexural slip folds is mechanically 
intriguing. Why does the slip localize onto only 
some surfaces? And why does a hierarchy of 
slip develop? The following comments set out a 
conceptual framework for a subsequent phase 
of analysis and simulation designed to address 
these questions. 

The activation of a new slip surface within a 
previous mechanical unit must mean that the 
development of that slip horizon is energetically 
favoured over other events, such as continued 
development of the former pattern of bending 
strains. Slip on inter-layer surfaces is taken to be 
a frictional process; therefore, the initiation of 
slip means that the shear stress/normal stress 
ratio exceeds the criteria that bound ‘stable’ 
states of stress. The orientation of the stress trajec¬ 
tories in a flexed unit (Fig. 2) is compatible with 
this requirement, but the shear/normal stress 
ratio varies considerably along any given virtual 
surface within an existing mechanical unit 
(Cooke et al. 1998). It is possible that slip is 
initiated at some location, and conditions favour¬ 
able for its propagation develop as the stress state 
is altered in response to the slip, but this possi¬ 
bility seems unlikely to us, since the greatest 
number of slip surfaces (and hence, mechanical 
units) is developed in the high-curvature areas of 
some of the folds we have studied, and the stress 
trajectories in these sites are expected to be more 
nearly normal to layering. This observation high¬ 
lights another difference between our model and 
those developed by previous workers: the crestal 
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(or trough) regions of folds are often assumed to 
be pin lines, but the concentration of slip surfaces 
in these sites suggests that further analysis of this 
assumption may be necessary. 

Another possibility to consider is that fluid- 
pressure transients facilitate the localization of 
4 frictional’ sliding. Ge & Garven (1994) illustrate 
this process at a large scale in their numerical ana¬ 
lysis of thrust motion (see also Price & Cosgrove 
(1990) for a discussion of these ideas with respect 
to folding). It could be that such non-linear (feed¬ 
back) effects contribute to the explanation of the 
hierarchical patterns of flexural slip, but the 
action of multiple slip horizons in close spatial 
proximity implies that the fluid pressures (and 
effective stresses) probably vary only slightly 
from point to point in a fold, especially as there 
may well be a connecting network of developing 
fractures. Feedback may be relevant in the sense 
that slip, abetted by locally anomalous fluid 
pressure, may alter the porosity/permeability 
(poro-perm) state of the rock sequence, and that 
alteration might subsequently* localize the 
mechanical effects of the fluids. This view suggests 
that, if fluids are involved, they cannot be the only 
explanation, but must act in concert with other 
mechanical processes. 


Comparison of models 

In the model we have described here, a layered 
sequence is, during flexure, divided into mechan¬ 
ical units by active bedding-plane slip. Each of 
the mechanical units develops a bending stress 
state (plus, possibly, others which are more 
complicated), with ‘bending’ fractures (Types 
3a and 3b) reflecting the small strains. In the 
fold limbs, bedding-plane slip directly generates 
other fracture sets (Fig. 4C), and ‘patchy’ 
bedding-plane slip events throughout the flexure 
lead to Types 1 and 2 fracture assemblages. 
Progressive folding, with the creation of addi¬ 
tional mechanical units, leads to considerable 
overprinting of fracture fabrics. 

It is fair to ask how this model compares with 
previous ideas. If Types 1 and 2 fractures are not 
directly associated with bending (as we suggest), 
then we need not address them in our compari¬ 
son (since they are distinctly associated with 3D 
strain, and it is not possible to consider them in 
relation to two-dimensional models). But we 
must assess how the ‘bending’ fractures (Types 
3a and 3b) and the ‘limb’ fractures (Fig. 4C) 
relate to the TLS model, the flexural-flow 
model and to combination models. 

Types 3a and 3b fractures indicate strains 
which are rather like the strains in the crest and 


trough regions of the TLS model. However, a 
significant difference is that the TLS model 
predicts that the neutral surface lies above the 
mid-point of the layer (in the antiform), but 
both the bending stress state (Fig. 2) and 
observed patterns of fractures indicate that the 
local neutral point is offset low in the beam. So, 
although there may be a superficial resemblance 
between ‘bending’ fractures and the TLS 
model, there are important differences in the 
hinge areas of a flexure. Further differences are 
found in the limbs: our model predicts strain 
ellipses with inclined axes at the locations 
where the TLS model predicts no strain. On 
these grounds, we suggest that the TLS model 
is inappropriate for upper-crustal flexures, even 
at the small scale. 

The flexural-flow model predicts no significant 
strain in the hinge areas (if bulk shortening is 
removed, and many upper-crustal flexures will 
have minimal or no such bulk shortening) in 
contrast to the clear evidence of bending defor¬ 
mation we have described. However, the limbs 
of the flexural-flow model indicate strains that 
are similar to those described here. Thus, there 
is an element from the flexural-flow model 
which is compatible with the geometries we 
have described. 

A flexural model in which a composite multi¬ 
layer (Biot 1965) experiences relative slip between 
the competent layers is described by Hudleston 
et al (1996), These authors state that competent 
layers develop TLS and incompetent layers 
exhibit simple shear (which, in the limit, becomes 
discrete bedding-plane slip). They state that this 
composite model tends toward the flexural-slip 
model as the thickness of the incompetent layers 
decreases. The predicted strain state within a 
‘classic’ flexural-slip model (Ramsay & Huber 
1987, Fig 21.1) has not been developed from the 
same kinematic approach as is the case for the 
TLS and flexural-flow models, but if we accept 
the argument put forward by Hudleston et al 
(1996), we can infer that the pattern of strain in 
the ‘classic’ flexural-slip model is as they suggest: 
layers alternating between TLS and simple 
shear, or layers with TLS bounded by bedding- 
plane slip where the strains are similar to the 
flexural-flow model (see also Tanner (1989, 
p. 652) for comments on modifications due to 
simple shear of the stiff layers). The pattern of 
strain in the flexural-flow model is not the same 
as the pattern of strain that we have described 
here. However, the kinematics of our flexures 
seem to be what is embodied in the flexural-slip 
notion, and so we must conclude that the strain 
patterns we have described are those which 
appropriately describe the flexural-slip model. 
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Implications for reservoir management 

The preceding discussion has emphasized the 
mechanical development of fold-associated 
strains (discontinuities in the form of fractures), 
and their partitioning, as the folding proceeds. 
We now turn our attention to the implications 
of a hierarchy of mechanical units for typical pet¬ 
roleum reservoirs. 


Stochastic distribution of fractures in folds? 

The view that faults form in scaled arrays such 
that a power-law distribution provides a 
method to predict the intensities of ‘alf fractures 
through a region, based on data from sub-sets of 
the population, is primarily the work of the Fault 
Analysis Group at Liverpool University (Walsh 
& Watterson 1989; Walsh et al. 1991; Gillespie 
et al 1993). This idea has gained considerable 
popularity, and is now in widespread use 
(Yielding et al. 1996). However, scale limitations 
prevent definitive tests of this hypothesis, and 
some studies emphasize the significance of real 
gaps in the distribution (Watterson et al. 1995). 
We suggest that flexural-slip folding of layered 
rock sequences may be part of the explanation 
for these discrepancies (Fig. 10). 

According to the model developed in this 
paper, flexural-slip fractures are contained 
within their causative mechanical units. Bed- 
ding-normal fractures (such as the Type 1 assem¬ 
blage) may be very long, but they will not be very 
tall, since they are bounded by the slip surfaces 
active at the time of their formation (these sur¬ 
faces define the mechanical unit whose deforma¬ 
tion state controls the fracture locations). For 
example, Tanner (19926) describes quartz-filled 
extensional veins linked to fibred veins formed 
on bedding-plane slip surfaces in chevron- 
folded turbidite sequences; these extensional 



Fig. 10. Hypothetical size-frequency distribution of 
faults/fractures showing a ‘gap’ (after Watterson et al. 
1995). Is the gap ‘real’? Is it related to flexural control? 
See text for explanation. 

veins are the result of strains within the mechan¬ 
ical units developed during folding, and do not 
cross the mechanical-unit boundaries (slip 
surfaces). Because of this control, the aspect 
ratios of fold-associated fractures are more 
pronounced than is usually assumed to be the 
case where fractures are viewed as being asso¬ 
ciated with faulting or regional strain (Walsh & 
Watterson 1989). Fold-associated fractures are 
likely to have approximately rectangular 
shapes, rather than elliptical ones, and their 
length/height ratios may be extreme. However, 
their distribution can be stochastic within their 
controlling mechanical unit. If fold-associated 
fractures are an important element in a reservoir 
simulation, then the geometrical relationship 
between fractures and slip horizons needs to be 
considered, as does the issue of the size and 
shape of typical fractures. 

The flexural-slip process results in the parti¬ 
tioning of strains into layer-delimited domains 
(Fig. 11). Within each mechanical unit, fracture 
strains vary with structural position: differences 
will occur between the top and bottom of the 
mechanical unit; strains will depend on the 



Fig. 11. Distribution of fractures in typical asymmetric anticline illustrating strain partitioning associated with 
mechanical units and layer-delimiting of fractures (after Lewis & Couples 1993). 
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amount of curvature; different fracture assem¬ 
blages characterize ‘planar’ limbs (Type 1 and 
others) versus hinges (Types 3a and b); and 
lithologic differences between layers may result 
in distinct modes of fracture (e.g. compactant 
versus constant-volume versus dilatant). The 
spatial variation of such strain domains is pre¬ 
dictable, but, within domains, fractures may 
well occur in stochastic distributions. If the 
lithostratigraphic succession at any site consists 
of dominant units whose properties and thick¬ 
nesses exert an overriding control on the devel¬ 
opment of flexural slip (that is, they control the 
distribution of the low-order mechanical units), 
then there may well be size ‘gaps’ in the power- 
law distributions of the resulting fractures. 
Where such a gap occurs near the top of the 
mesoscale portion of the data, and below the 
seismic resolution, then the resulting distribution 
might be very like that illustrated in Fig. 10. 


Petrophysical effects of fold-associated 
fractures 

The orientations of fold-associated fractures are 
related to the structural position, and distribution, 
of mechanical units; these latter are themselves 
functions of, at least, the structural position in a 
flexure, and the lithological succession. Whereas 
the causes of some of the fracture sets remain 
unclear (see above), the likely fracture patterns 
are known from empirical studies. In principle, 
then, the fracture patterns of folded rocks can be 
predicted. Moreover, the extent of fracture sur¬ 
faces, and particularly the relationship between 
fractures and bedding-parallel slip horizons, can 
be specified. Added to this knowledge, the intensi¬ 
ties of the fractures can be estimated from infor¬ 
mation on the shape of the fold, e.g. curvature 
(see Lisle & Robinson 1995; Stewart & Podolski 
1998), and from knowledge of the rheology of 
the rocks involved (Stearns & Friedman 1972; 
Nelson & Handin 1977; Aydin & Johnson 1983; 
Antonellini et al 1994; Knipe 1992; Edwards 
et al. 1993; D’Onfro et al. 1994; Crawford 1998; 
Gabrielsen et al. 1998; Gibson 1998; Knipe et al 
1997). Combining these aspects provides a 
means to derive a probable distribution for the 
fractures in a fold, and their petrophysical 
characteristics. 

How is this depiction to be used in predicting 
reservoir response? The understanding summar¬ 
ized in the preceding paragraphs permits the 
creation of a digital fracture network patterned 
after the geometry of the fold, and perhaps 
conditioned by in situ observations of estimates 


arising from other approaches (for example, 
curvature). The petrophysical properties of 
individual fracture sets can be derived from 
experiments, or estimates of these parameters 
can be made on the basis of theories accounting 
for volumetric strain and permeability change 
related to plastic yielding (D’Onfro et al. 1994; 
Couples & Lewis 1997). Scale-up procedures 
(Begg et al. 1989; Lake et al. 1990) for such a 
model are feasible (Manzocchi et al. 1998). 
Network theory (Odling 1992; Cowie et al. 
1993) is another approach that may hold promise 
for such complex distributions. 

However, most of the research on scaling that 
has been undertaken thus far has been at best 
two-dimensional, whereas the fracture arrays 
in flexural-slip folds are certainly fully three- 
dimensional. Even for the work now being 
described on 3D scale-up and simulations (e.g. 
Watterson et al. 1995; Walsh et al. 1998), the 
fracture patterns are primarily of a single set. 
We draw the conclusion that there is a significant 
gap between present modelling work, and the 
view on fold-associated fractures presented here. 


Bedding-parallel slip as a sealing mechanism? 

We have emphasized the impact of fractures on 
the bulk petrophysical characteristics of folded 
rock sequences. Another issue that needs to be 
addressed is the potential for localized petro¬ 
physical alterations (Pitman 1981; Knipe 1992; 
Antonellini & Aydin 1994; Knipe et al. 1997) 
associated with bedding-parallel slip horizons. 
Deformation on or along these slip zones can 
occur in such a fashion that porosity and perme¬ 
ability are substantially reduced (Lewis & 
Couples 1993). This poro-perm reduction is 
especially likely if there are small amounts of 
clays in the rocks (Gibson 1998), which may be 
a situation common at bedding-parallel slip 
horizons: the presence of clay, which presumably 
is important in creating a stratigraphic ‘break’, 
could be ‘the’ factor that makes these particular 
interfaces ‘special’ for the localization of slip. If 
the poro-perm of the rock is reduced in slip 
zones, it may also be true that entry pressures 
are raised. In such cases, flexural slip will not 
only be responsible for determining the distri¬ 
bution of strain within a sequence, but the 
slip zones themselves will function as flow bar¬ 
riers or baffles in a reservoir. Slip surfaces 
could, then, conceivably function as a trapping 
mechanism, although their recognition in such 
a role might be difficult to distinguish against 
the normal view of stratigraphically caused 
trapping. 



162 


G. D. COUPLES ET AL . 


Conclusions 

Flexural-slip folding divides a stratigraphic suc¬ 
cession into an evolving hierarchy of mechanical 
units. These each develop an internal array of 
bending strains. A complex distribution of 
strains is created in each unit, both as a result 
of it being bounded by bedding-parallel slip sur¬ 
faces, and because of overprinting of earlier 
strains as new mechanical units are formed. 
These concepts arise from field observations, 
but they are supported by the results of physical 
and numerical modelling. 

The work reported here leads to three struc¬ 
tural conclusions, and three conclusions directly 
related to reservoir management. 

(1) During upper-crustal folding of layered 
sequences, slip is activated on only some 
bedding interfaces, and the slip is accom¬ 
panied by new deformation patterns 
(fracture assemblages) which are contained 
within mechanical units defined by the 
bedding-plane slip horizons. A new 
research effort needs to address the concept 
of competition of mechanical processes: the 
continuation of one bending event versus 
the creation of new mechanical units. 

(2) The strains developed during bending differ 
considerably from those predicted by 
existing folding models. TLS and flexural- 
flow models are not appropriate for the 
analysis of upper-crustal structures of the 
type reported here. The patterns of fold- 
associated strain described in this paper 
should become the standard flexural-slip 
fold model, supplanting previous notions 
which have been only loosely derived. 

(3) The ubiquitous Type 1 fracture assemblage 
(and its related Type 2 assemblage (Stearns 
(1967)) may be related to dynamic and 
localized bedding-plane slip, and possibly 
to the action of mobile fluids. New multi¬ 
physics simulations are needed to address 
the mode of formation of these assem¬ 
blages. 

(4) Fold-associated fractures are not distribu¬ 
ted uniformly through rock volumes, but 
instead they are distinctly layer-bound, 
with rules defining intersections, aspect 
ratios and patterns. There may, however, 
still be a power-law relationship for fractur¬ 
ing within the mechanical units created by 
slip. 

(5) Fracture arrays associated with flexural-slip 
folding are quite complex, and the com¬ 
plexity may exceed our present ability to 
perform useful simulations. 


(6) Bedding-plane slip surfaces may function as 
flow barriers. They certainly function to 
limit the extent of fractures. 

The paradigm of folding presented in this paper, 
and the ramifications that arise from it, open an 
abundance of new research opportunities. 

We thank a large group of our colleagues for lively 
and helpful discussions about the folding process. 
Especially important are D. Stearns, J. Handin, 
M. Fahy, M. Friedman, J. Jamison, D. Weinberg and 
J. Logan. Support for the numerical modelling 
(1979-1980) came from Amoco Production Company. 
Comments from M. Ameen and an anonymous 
reviewer improved the present manuscript. 
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Abstract: Fractures in basement rocks of Gebel El Zeit and Esh El Mallaha fault blocks, 
Egypt, occur in three nearly orthogonal sets: a SE-dipping, cross-rift set that parallels 
ENE faults and dykes; a SW-dipping set sub-parallel to bedding in overlying clastic rocks; 
and a NE-dipping, rift-parallel set that parallels the rift-border faults. Restoration to pre¬ 
rift orientations puts these sets into vertical, horizontal and vertical attitudes respectively. 
All fracture sets are present throughout the fault blocks, except for the horizontal set 
which is absent on the NE side of Gebel El Zeit and in the Nubia Sandstone. Fracture density 
increases near the top of basement where sheet fracturing is common, near faults, and in and 
around dykes. The distribution of similar fracture sets is recorded from sub-surface 
Formation Micro Scanner and Formation Micro Imager logs in the basement of the Ashrafi 
Oil-field, southern Gulf of Suez. The similarity of the fracture pattern between Gebel El Zeit 
and the Ashrafi Field suggests that surface fault blocks can be adequate analogues to the 
sub-surface blocks. 

The intersection of sheet and fault-parallel fractures localizes the maximum fracture 
density at the edges and near the top of the fault blocks. Block faulting and subsequent 
depth of erosion govern the distribution of fractures within the blocks. Block rotation 
during rifting relocated the maximum fracture density at an upper corner or structural 
crest, whereas block faulting without rotation maintained the maximum fracture density 
at block edges. In both styles, erosion of an exhumed block removed rocks of high fracture 
density by eroding the crest in the first case, and by stripping off the sheet fractures in the 
second. The first style is an analogue for half-graben reservoirs, e.g. the southern Gulf of 
Suez, while the second style is an analogue for full-graben reservoirs, e.g. the Mekong 
Basin, southern Vietnam. 


Fractured basement reservoirs are promising yet 
challenging targets for oil exploration and 
production. Recent discoveries such as the Zeit 
Bay and Ashrafi Fields in the Gulf of Suez, 
Egypt, are basement reservoirs that yield as 
much as 25 000 barrels of oil per day (BOPD). 
Other promising plays of this type are found in 
offshore southern Vietnam where the oil column 
reaches over 3000 feet high in two fields, the 
White Tiger and Big Bear (Chan et al. 1994; Are- 
chev et al 1992). One of the first steps associated 
with drilling and evaluating fractured basement 
reservoirs is to define the fracture network 
since it controls both porosity and permeability. 
Fractured granite, for example, has a bulk per¬ 
meability that generally exceeds its intrinsic 
permeability by several orders of magnitude 
(Heath 1985; Freeze and Chenry 1987). Hence, 
data on the location and density of fractures 
become essential for evaluation of porosity and 
hydraulic parameters of a basement reservoir. 


* Present address: Royal Holloway College, University 
of London, Department of Geology, Egham, Surrey, 
TW200EX, UK 


Although several borehole logging tools 
(e.g. Formation Micro Scanner (developed by 
Schlumberger), Fracture Identification Log, 
and BoreHole TeleViewer (developed by 
Schlumberger and Mobil) can detect fracture 
attitude and spacing, other fracture characteriza¬ 
tion parameters, such as fracture size, are difficult 
to judge from these tools. In order to construct a 
set of rules that constrain the extent and 
geometric relationship among different fracture 
sets, the reservoir engineer may resort to direct 
observations in outcrop. Extrapolation of 
surface fracture data to the sub-surface requires 
knowledge of how the fracture density and 
development are affected by differences in fault- 
block size, attitude, rotation, and depth of 
erosion. 

This study focuses on some of the factors that 
influence the fracture density in a faulted base¬ 
ment block in Egypt, the Gebel El Zeit block. 
This rotated fault block along the western side 
of the Gulf of Suez was selected for its proximity 
to the offshore Ashrafi Field which is an oil 
reservoir in fractured basement (Fig. 1). First, 
we introduce the study area and present fracture 
data. Then, we present two models for fracture 


Younes, A. I., Engelder, T. & Bosworth, W. 1998. Fracture distribution in faulted basement blocks: Gulf of 
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Fig. 1. (A) Location map of the study area. (B) The Gulf of Suez is divided into three half grabens (dip symbols) 
separated by large transverse fault zones (stripes). (C) The Gebel El Zeit and Esh El Mallaha fault blocks have 
rotated along faults that dip to the northeast (hachuring is on the downthrown side) exposing basement rocks in 
the core of the fault blocks (double-line hachuring). At the Gebel El Zeit block, overlying sedimentary cover dips 
42° to the southwest at its contact with the basement (see Fig. 5 for detailed map). The Esh El Mallaha block dips 
only 7-8° to the southwest. The Shoab Ali, Ashrafi and Zeit Bay Fields produce from fractured basement 
reservoirs. 


distribution in faulted basement blocks. We corre- on basement-rock permeability and reservoir 
late the first model with a sub-surface example, the potential. 

Ashrafi Field, Egypt, and then suggest a possible Throughout the paper we use the term ‘fault’ 
sub-surface analogue for the second. Finally, we to indicate a discontinuity along which signifi- 
discuss the significance of the fracture distribution cant motion (>0.5 m) took place and/or fault 
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surface structures are observed (Petit 1987), We 
use the term ‘fracture’ to indicate a discontinuity 
where displacement was not observed and thus 
the discontinuity can be a joint or faulted joint. 
A ‘joint’ is a fracture that opened perpendicular 
to a discontinuity plane and remained open 
(Engelder 1982). We refer to fracture rather than 
joint since the long history of the basement, 
including multiple rifting and peneplanation, 
makes it inevitable that some joints have slipped 
and become faults. Thus, it is difficult to discrimi¬ 
nate between a reactivated joint and a discontinu¬ 
ity that started as a fault. Fracture orientations 
were measured using the right-hand rule. 


Geological setting 

The Gulf of Suez is a continental rift that extends 
for 325 km, with a maximum width of 90 km at 
the northern terminus of the Red Sea. Extension 
commenced at the southern end of the rift during 
the lower Miocene. There is a progressive 
decrease in total extension both towards the 
north and away from the rift axis. Shoulders of 
the rift extend into the African continent and 
are manifest as a series of rift-parallel faults 
along which several blocks rotated up to 45°, 
exposing basement-cored fault blocks such as 
the Gebel El Zeit and Esh El Mallaha fault 
blocks (Fig. 1). 

Basement rocks of the Gebel El Zeit block 
consist of multiple intrusions of granitic to 
granodioritic rocks known as the Younger 
Granite (pink) and the Older Granite (grey), 
both of which were emplaced during the Pre- 
cambrian cratonization of the Arabo-Nubian 
shield (Patton et al 1994; Stern & Hedge 1985). 
The Older Granite (610-670 Ma) is a calc- 
alkaline, orogenic, mesozonal type that may be 
related to subduction (Stern et al 1984). 
Conversely, the Younger Granite represents an 
anorogenic epizonal type that is related to a 
magmatic pulse associated with Cambrian rifting 
(Greenberg 1981). Isotope age dates from the 
basement exposed along the western side of the 
Gulf of Suez range between 620 and 570 Ma 
(Patton et al . 1994; Stern & Menton 1987; 
Stern & Hedge 1985; Stern et al 1984; Greenberg 
1981). Except for a few Cretaceous granite 
plutons surrounding Esh El Mallaha (Stern 
1995, pers. comm.), no age dates are available 
for the Esh El Mallaha granite intrusion. 
However, because this granite intrudes late 
Proterozoic volcanic rocks, its age is late 
Proterozoic or younger. Following cratoniza¬ 
tion, the basement complex was affected by 
NNW extension as manifested by the formation 


of a series of ENE-oriented longitudinal basins 
in northeastern Egypt, and the simultaneous 
emplacement of dykes. Dykes occur in swarms 
oriented ENE with minor populations oriented 
N-S and WNW (Schurmann 1966), and show a 
bimodal composition that varies from rhyolite 
and andesite, to basalt with several textures. In 
Gebel El Zeit, the ENE dykes are mainly 
andesitic while those at Esh El Mallaha are 
mainly rhyolitic and are much less frequent in 
occurrence. 

The age and depositional history of the units 
directly overlying the basement rocks at Gebel 
El Zeit are controversial (Fig. 2). For example, 
the age of the Nubia Sandstone varies from Cam¬ 
brian or Permian (Perry 1983; Bhattacharyya & 
Dunn 1986; Allam 1988; Klitzsch & Squyres 
1990), to early Cretaceous (Prat et al 1986; 
Colletta et al 1986). Nevertheless, after an 
early phase of WNW extension with ENE base¬ 
ment rifting, the area was exposed to erosion 
for long periods followed by the deposition of 
up to 350 m of Nubia Sandstone. The Nubia 
Sandstone is overlain by a sequence of marls, 
shales and fine sands that mark the onset of the 
mid-Cretaceous transgression. Miocene sedi¬ 
ments unconformably overlie the Cretaceous 
section and are divided into two distinct 
groups: a lower Miocene clastic series that 



Fig. 2. Stratigraphic column of Gebel EL Zeit 
measured at the northern end of Wadi Kabrit. 
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marks the initiation of rifting (Nukhul, Rudeis 
and Kareem), and a middle to upper Miocene 
thick cover of evaporites, representing the post- 
rifting closure and abandonment. 

The Miocene Gulf of Suez rift basin is 
bounded by two fault sets: a rift-parallel set 
(310-330°) and a cross-rift set (055-065°). The 
first set forms oblique- and dip-slip normal 
faults that are related to block rotation during 
the rifting of the Gulf of Suez. A left-lateral 
sense of slip is often recorded in the outcrop, 
and large ENE faults have a right-stepping 
arrangement (Bosworth 1995). These two 
fault sets divide the rift basin into a series of 
rotated blocks with variable sizes. Two large 
fault zones transect the Gulf of Suez dividing 
the rift basin into three dip domains (Moustafa 
1976) (Fig. 1). The southern zone passes to 
the north of Gebel El Zeit, separating it from 
the structurally distinct area further north 
where kilometre-scale folds and greater defor¬ 
mation exist. Dyke swarms in the southern 
Gulf of Suez strike almost parallel to the 
previous zone. Except for syn-sedimentary folds 
and minor folds associated with strike-slip 
motion on ENE faults, no evidence for perva¬ 
sive folding was observed, and has not been 
reported in the literature of the Gebel El Zeit 
area. 

Although rotation of both the Gebel El Zeit 
and Esh El Mallaha blocks is a manifestation 
of the Gulf of Suez rifting, the timing and rates 
of exhumation of these blocks are significantly 
different. Apatite fission tracks show that base¬ 
ment rocks of the Gebel El Zeit block were at 
least 2-3 km deep during the early Carboni¬ 
ferous whereas rocks of Esh El Mallaha were at 
the same depth as late as the early Jurassic 
(Omar et al. 1989). The age difference implies 
that the onset of exhumation at Gebel El Zeit 
predates that at Esh El Mallaha. Therefore, if 
rocks of both fault blocks are of the same age, 
then the amount of uplift and erosion will be 
considerably different. Most of the present-day 
relief on the western margin of the Gulf of Suez 
is due to early Miocene rifting, at approximately 
20 Ma (Omar et al. 1989). 

Data from oil and gas exploration in the Gulf 
of Suez constrain the rift’s structural and strati¬ 
graphic styles. A few papers (e.g. El-Shazly et al. 
1979; Huang & Angelier 1985; Zahran & Ismail 
1986) discuss the characteristics and general 
statistics of fractures around the Gebel El Zeit 
area. Recently, the discovery of hydrocarbon 
within fractured basement and the advance of 
high-resolution resistivity tools that can detect 
fractures in a borehole has stimulated interest 
in analysis of fractured basement rock. 


Fractured basement of the Gebel El Zeit and 
Esh El Mallaha fault blocks 

The basement rocks of the Gebel El Zeit block 
were fractured intensely during the ENE 
(Cambrian) and the NW (Miocene) rifting 
events (Husseini 1988), and systematic fracture 
sets were developed approximately parallel to 
dykes and faults associated with rifting. During 
rotation accompanying the Miocene rifting 
event, the Gebel El Zeit and Esh El Mallaha 
fault blocks tilted to the west by 42° and 8°, 
respectively. The fault slip and rotation of the 
Gebel El Zeit block contributed >9 km to the 
35 km total extension of the Southern Gulf of 
Suez, whereas the rotation of Esh El Mallaha 
lead to <2 km of extension (Bosworth 1995). 
The different amounts of extension are reflected 
in the intensity of fracturing and faulting within 
the Gebel El Zeit and Esh El Mallaha fault 
blocks. 

In the Gebel El Zeit and Esh El Mallaha 
blocks, fractures occur in different sets and may 
have different origins. Identifying the origin of 
a fracture set largely relies on its pervasiveness, 
persistence, and orientation relative to larger 
structures. In this paper, we are concerned only 
with systematic fracture sets, that is, groups of 
fractures that are persistent in attitude and 
character over large areas. 

Joint sets typically form as vertical or 
horizontal discontinuities. Rotation of a fault 
block will cause a reorientation of joints so that 
dip changes from a minimum of 0° if joints are 
perpendicular to the rotation axis, to a maximum 
equal to the block rotation if joints are parallel to 
the rotation axis. Joints, or fractures, that are 
oriented obliquely to the rotation axis will 
change attitude (strike and dip) by an amount 
directly proportional to the amount of rotation 
and the angle between the rotation axis and the 
fracture strike. The block rotation of the Gebel 
El Zeit (42°) and Esh El Mallaha (8°) fault 
blocks illustrates this effect. In the Gebel El 
Zeit block, three nearly orthogonal fracture sets 
exist, two of which are affected by block rotation: 
the first, sheet fractures, show a maximum tilt 
equivalent to the dip of the overlying Nubia 
Sandstone beds (42°-45°SW); and the second, 
a rift-parallel set, dips 69° NE and shows less 
tilt because it strikes 15°-30° west of the rotation 
axis (Fig. 3). Only the set that is perpendicular 
to the rotation axis (and the rift), the cross-rift 
set, remains sub-vertical, dipping approximately 
80° SE (this cross-rift set constitutes the face of 
outcrop in Fig. 3). In the Esh El Mallaha 
block, where rotation is only 7-10°, the sheet 
fracture set retains a sub-horizontal attitude 
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SW Gebel El Zeit 

Fig. 3. Photograph showing the three mutually perpendicular fracture sets near the entrance of Wadi Kabrit, Gulf 
of Suez, looking NW. The sedimentary cover is exposed on the upper left corner of the photograph and dips 42° to 
the SW. Notice the gradual decrease in fracture density of the bedding- parallel set towards the NE. XR = cross-rift 
set dipping SE, ST = SW-dipping fracture set, RP = rift-parallel NE-dipping fracture set. The field of view is 
approximately 35 x 20 m. 


and rift-parallel and cross-rift retain vertical to 
sub-vertical attitudes in agreement with the 
small rotation amount (Fig. 4). 

In addition to the change of attitude by 
rotation, fractures in the Gebel El Zeit block 
differ from those at Esh El Mallaha in other 
aspects. For example, in the Gebel El Zeit 
block, the cross-rift fractures are the best 
developed (uniform and persistent), extending 
up to 15 m in length, and are distinguished by 
a chlorite coating on fracture walls. The rift- 
parallel set is less developed and is frequently 
found as zones lined with vug-filling quartz. 

In contrast to the Gebel El Zeit block, cross¬ 
rift fractures in the Esh El Mallaha block are 
less developed whereas rift-parallel fractures are 


the best developed showing plumose structures, 
no fill, and reaching several tens of metres in 
length (Fig. 4). The sheet fractures can reach 
over 50 m in length, cut other fractures, and are 
well-developed just below the base of the Nubia 
Sandstone (Fig. 3). In the Gebel El Zeit block, 
the sheet fractures occasionally have a few 
pockets of vug-filling quartz, slickensides and 
other fracture-surface structures. On a meso¬ 
scopic scale, sheet fractures appear as planar, 
narrowly spaced fracture zones approximately 
10-30 cm thick. The abutting relationships 
indicate that the rift-parallel set is younger than 
the sheet and cross-rift sets. The abutting 
relationship between the cross-rift and sheet 
fractures is not clear. The youngest set oriented 
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Fig. 4. Photograph of fractures in Esh El Mallaha granite. The large fracture sets are approximately 100 m high, a 
few metres wide, and trend NW, parallel to the Gulf of Suez. RP = rift-parallel fractures, ST = sheet fractures. 
Half-arrow indicates the down thrown side of a rift-parallel normal fault. Car is approximately 40 m from outcrop. 


NNE has a vector mean strike at 025° and is best 
developed within the Esh El Mallaha block, but 
frequently occurs in the Gebel El Zeit block as 
well. The age relationships of fractures, absolute 
ages of basement and significance for the struc¬ 
tural evolution of the southern Gulf of Suez 
will be discussed elsewhere. 


Field data 

Orientation, and other parameters (e.g. spacing, 
height, length and termination), from over 3000 
fractures were systematically measured along 
scanlines on the eastern and western sides of 
the Gebel El Zeit fault block (Fig. 5). Lack of 
pavements on which joints are exposed and 
inaccessibility of outcrop faces limited our data 
collection to scanline surveys. Fracture orienta¬ 
tion data from the NE side, the SW side, the 
Nubia Sandstone of the Gebel El Zeit, and the 
Esh El Mallaha fault blocks are plotted on 
lower-hemisphere equal-area stereonets as poles 
to fractures (Fig. 6). On the SW side of the 
Gebel El Zeit block, the basement carries three 
sub-orthogonal fracture sets (see also Fig. 3): 
cross-rift fractures form a northeasterly set with 
a vector mean strike and dip at 055°/79°, rift- 
parallel fractures form a northwesterly set with 
a vector mean at 315°/70°, and sheet fractures 
constitute a southeasterly set with a vector 
mean 140°/45° (the right-hand rule is followed 
throughout the paper) (Fig. 6). On the NE side 


of the fault block, and in the Nubia Sandstone, 
only the cross-rift and the rift-parallel sets exist. 
Except for a fourth fracture set at 025°/82°, 
fractures in the basement of the Esh El Mallaha 
block are similar to those found in basement on 
the SW side of the Gebel El Zeit. Table 1 
summarizes the present-day and restored vector 
means of all fracture sets in the NE and SW 
sides of the Gebel El Zeit and Esh El Mallaha 
blocks. 

All fracture sets in the basement were restored 
to their pre-Nubia datum by rotating the Gebel 
El Zeit block 42° (average dip of the Nubia 
Sandstone bedding) in a clockwise sense (looking 
NW) along an axis at 320° (Fig. 6). Fractures in 
the Nubia Sandstone were restored by rotating 
the block 35° along the same axis of rotation. 
The difference in the amount of rotation required 
to restore the basement (42°) and the Nubia 
Sandstone (35°) may indicate that the basement 
was tilted 7-10° prior to the deposition of the 
Nubia Sandstone, or that there was 7-10° of 
rotation between the formation of the basement 
and Nubia Sandstone joints. The restoration 
brings the 315770° and 055°/79° sets into a 
vertical attitude and the 140°/45° planes into a 
horizontal attitude. After restoration, only 
samples from the SW side of the Gebel El Zeit 
block and Esh El Mallaha block show a fracture 
set that restores to a horizontal attitude. The NW 
and ENE sets are found throughout the base¬ 
ment of the Gebel El Zeit and Esh El Mallaha 
blocks and the Nubia Sandstone but no fractures 
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Fig. 5. A detailed map of the Gebel El Zeit main block. White circles represent the locations of measured scanlines. 
The solid black square is the station at which the ‘background fracture spacing’ is measured. Pc = Precambrian 
basement (granite), Pz-K = Nubia Sandstone, Ku = Cretaceous Matullah shales, sands and marls, Tmm-1 = Lower 
Miocene, and Tmu = upper Miocene. Dashed lines are faults, and the arrows on the border fault show the 
dip direction. Many smaller faults were mapped within the block but are not shown for clarity. Wadi Kabrit is a 
strike-parallel valley formed by the erosion of the Nubia Sandstone along its contact with the basement. 


were observed to continue from the basement 
into the Nubia Sandstone. The absence of a 
bedding-parallel fracture set (i.e. sheet) in the 
Nubia Sandstone indicates that it predates the 
Nubia whereas its absence on the NE side of 
the fault block reflects the limited depth at 
which the sheet fracture set formed. 

Assessment of fracture distribution in a rock 
mass (e.g. a fault block) requires measurement 
of fracture orientation and spacing in outcrop 
or from well logs by two widely used methods: 
the scanline method (Terzaghi 1965; Priest & 
Hudson 1976; La Pointe 1980) and the area 
method (Davis 1984; Wu & Pollard 1995). The 
scanline method accounts for the angle between 
the scanline and measured fractures, and yields 
data such as median fracture spacing and frac¬ 
ture frequency. These data can be statistically 


analysed and extrapolated to other wells or 
fault blocks. The area method gives the fracture 
density within the rock mass and takes into 
account the length of the fracture in addition to 
its orientation. The fracture density is defined 
as ‘the total surface area of fractures divided by 
the volume of the rock in three dimensions, or 
the total length of fracture traces divided by the 
surface area of rock exposures in two dimen¬ 
sions’ (Rouleau & Gale 1985). 

The term ‘fracture frequency’ is sometimes 
used indiscriminately to refer to fracture 
frequency of more than one set. In this paper, 
the term ‘fracture frequency’ is restricted to the 
ratio of the number of fractures in one set to 
the length of the scanline perpendicular to that 
set. The ratio of the number of fractures from 
all sets to the length of the scanline, regardless 
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18 NE Side of 


Esh El Mallaha 


ISM 68 


SW side of 


Nubia Sandstone (8) 


N=74 


Fig. 6. Kamb contours of poles to restored fractures. Restoration is based on the average dip of the Nubia 
Sandstone (42°/230°). XR = cross-rift, RP = rift-parallel, and SF = sheet fractures. Only the SW side of Gebel El 
Zeit and Esh El Mallaha block show a fracture set that restores to horizontal. N = number of fractures. The 
number on the top of each diagram is the station number. Contour interval = 2 sigma. 


of the orientation of the scanline, is referred to as 
the ‘total fracture frequency’. Thus, this ratio 
may vary with the orientation of the scanline. 
Total fracture frequency is particularly useful 
when documenting fractures sampled by well 
logs. Fracture frequency may be a suitable 
description for uniformly developed fracture 
spacings; however, when the fracture spacing 
changes either gradually or abruptly, fracture 
frequency is not a suitable description for 
fracture development. If the fractures are well- 
developed, the total fracture frequency can be 


used as a qualitative measure of fracture density, 
especially when referring to a volume of rock 
(Wu & Pollard 1995). 

In the Gebel El Zeit block, the cross-rift set is 
well-developed and has a uniform spacing 
(< 0.5 m) on both the SW and NE sides of the 
fault block (Fig. 7). On the other hand, the 
local spacing of the rift-parallel set shows an 
increase with distance from the fault: the spacing 
is a minimum (<0.5 m) near the border fault, 
larger at the SW side of the block (0.3-1.15 m), 
and a maximum within the Esh El Mallaha 
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Table 1. Present-day/restored vector means of fracture orientations in the Gebel EL 
Zeit and Esh El Mallaha fault blocks , Gulf of Suez 


Set/Area 

NE GZ 

SW GZ 

EEM 

RP or RP 7 

320/67 [301/88] 

330/70 [335/88] 

(055/88) 

XR 

56/78 [66/83] 

45/77 [34/81] 

(055/88) 

SF 

- 

155/45 [158/2] 

143/7 

RP or RP' 

320/67 [301/88] 

330/70 [335/88] 

325/85 

NNE 

(037/83) 

(025/82) 

026/88 


Parentheses indicate that the fracture set is poorly developed in that area, and brack¬ 
ets enclose restored vector mean orientations. At least 200 fractures were used to 
determine the vector mean. NE GZ and SW GZ — northeast and southwest sides of 
the Gebel El Zeit block, respectively, and EEM = Esh El Mallaha fault block. 
XR = cross-rift fractures, SF = sheet fractures, RP = rift-parallel fractures, NNE = 
north-northeast fractures. 


block (0.65-1.25 m). The NNE set within the 
Gebel El Zeit block has a local spacing that 
ranges from 0.9 m to 0.24 m whereas in the Esh 
El Mallaha block it averages 0.3 m. Sheet 
fractures have a local spacing that varies between 
0.25 m at the top of the Esh El Mallaha block to 
0.6-1.2 m in the SW side of the Gebel El Zeit 
block, but they are absent in the NE side. Sheet 
fractures and the distribution of their fracture 
frequency will be discussed in the next section. 

In this paper, we distinguish between a local 
fracture spacing and a background spacing. 
The first is the median spacing for fractures of 
a single set at any site of interest. The second is 
the spacing measured at an arbitrary reference 
site (i.e. the index station in Fig. 5), some 
distance away from either faults or dykes. In a 
sense, this background spacing is a measure of 
fracture development in basement unaffected by 
local structures. By taking the ratio of the local 
spacing of a particular fracture set to its back¬ 
ground spacing, we obtain a normalized fracture 
spacing that gives an indication of local fracture 
development. 

In order to compare spacing data at different 
stations, we normalized the local fracture spacing 
using data from the index station (Table 2). Only 
vertical fracture sets are normalized because they 
occur throughout the granite blocks (horizontal 
fractures have background spacing equal to 
infinity, i.e. deep basement was not fractured in 
this orientation). Thus, a normalized spacing of 
1 indicates that the local outcrop has a set of 
fractures spaced equivalent to the background 
fracture spacing. Therefore, if the normalized 
spacing is <1, the local fracture set is better 
developed, and if normalized spacing is >1, the 
local fracture set is less developed. In other 
words, if normalized spacing is < 1, the local frac¬ 
ture frequency is high, whereas if normalized 
spacing >1, the local fracture frequency is low. 


Figure 8 shows that fracture development of 
the rift-parallel set in the NE side of the Gebel 
El Zeit block is twofold higher than in the SW 
side, and threefold higher than in the Esh El 
Mallaha block. Thus, the regional fracture 
frequency determined from scanline measured 
at the Gebel El Zeit and the Esh El Mallaha 
blocks changes regionally, according to location 
relative to the border fault. 

Normalized fracture spacings in the Gebel El 
Zeit and Esh El Mallaha blocks not only show 
the degree of fracture development, but can 
also reflect the correlation between a fracture 
set and its relative age. This correlation stems 
from the observation that the first, or oldest, 
fracture set will tend to be more developed (i.e. 
longer, more closely and uniformly spaced, and 
higher in frequency) than the later, or younger, 
fracture sets. The decrease in fracture develop¬ 
ment is related to the heterogeneities in the 
stress field induced by the presence of older 
fractures. For example, the NNE, the youngest 
fracture set, is well-developed (background 
spacing =0.6) in the Esh El Mallaha block 
but is less developed in the Gebel El Zeit 
block (background spacing = 1.29-1.54) whereas 
the cross-rift (ENE) set is best developed in the 
Gebel El Zeit block and least developed in the 
Esh El Mallaha block (Fig. 8). In summary, the 
older sets, cross-rift and rift-parallel, are well- 
developed in the Gebel El Zeit block, whereas 
the youngest set, NNE, is well-developed in the 
less-fractured, Esh El Mallaha block. 


Factors affecting fracture spacing 

Extension fractures develop in response to the 
tectonic stresses by propagating in the orienta¬ 
tion of maximum horizontal stresses (Engelder 
& Geiser 1980). The extent (regional or local) 
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Fig. 7. Median spacing of fracture sets measured at different stations (legend on right) in the Gebel El Zeit (GZ) 
and Esh El Mallaha (EEM) blocks. The rift-parallel set has the smallest spacing near the border fault (NE side), 
and the largest spacing is recorded at the Esh El Mallaha block. Fracture spacing of dykes is plotted for 
comparison. RP = rift-parallel, XR = cross-rift, SF = sheet fractures, and NNE = north-northeast fractures. The 
small arrows to the left of the grey boxes marks the average of fracture spacings measured along different scanlines. 


of the stress field, homogeneity of rock and its 
elastic properties all contribute to determining 
the intensity of fracturing in rock. For a particu¬ 
lar rock type, the fracture spacing, as defined in 
the previous section, is rather uniform unless 


other local structures (e.g. faults) contribute to 
the deformation. This uniform spacing is thought 
to be controlled by stress shadows ranging from 
reduced crack-normal tensile stress in the vicinity 
of joints (Gross et al. 1995). A uniform fracture 


Table 2. Background spacing data used to normalize fracture spacing data at different 
stations 


Set 

XR 

SF 

RP 

NNE 

Background spacing 

0.34 

- 

0.66 

0.44 


Each number represents the median of the particular set spacing at the index station 
(see Fig. 5). Notation as in Table 1. 
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Fig. 8. Normalized background spacings (north-south) of fractures restored into vertical. The background 
spacing is defined in the text. A normalized spacing of 1 indicates that the fracture set has a ‘normal’ fracture 
spacing, while a normalized spacing greater than or less than 1 indicates that the fracture set is either poorly, or well 
developed respectively. The bars are one standard error from the mean. EEM — Esh El Mallaha block. 


spacing implies that the fracture spacing is 
approximately constant along the scanline. 
Within the Gebel El Zeit and the Esh El Mallaha 
blocks, such uniformity in fracture spacing is not 
common. Fracture spacing of systematic sets 
varies from one set to the other, within a single 
set, and from one station to the other. Below, 
we discuss three processes that reduce the 
fracture spacing and, consequently, increase 
total fracture frequency (and density). 


Sheet fracturing 

Axial splitting is a process by which joints 
propagate parallel to the topographic surface as 
long, broad sheet fractures that reach up to 
200 m in length (Nemat-Nasser & Horri 1982; 
Holzhausen 1989). Sheet fractures are well- 
developed in granitic rocks and sandstones (e.g. 
the Colorado Plateau), but are less common in 
mafic or other sedimentary rocks. Sheet fractures 
form as extension cracks having apertures of 
1—2 mm and are likely to remain open because 
of surface asperities. Accordingly, sheet fractures 
permit fluid flow and will greatly enhance the 
interconnectivity of a fractured basement rock. 
We follow Holzhausen (1989) in making the dis¬ 
tinction between sheet fractures and exfoliation 
fractures: the former are driven by non-thermal 
horizontal stresses, whereas the latter are driven 
by thermal stresses induced by annual or daily 
ambient temperature cycles. 

In the Gebel El Zeit block, the sheet fracture 
set (140°/45°) is found on the SW side of the 
fault block but is almost absent on the NE side 
(Fig. 6). After restoring the Gebel El Zeit block 


to its pre-Nubia datum, the SW side becomes 
the top of the basement whereas the NE side 
rotates to a deeper portion of the basement 
(Fig. 9). Because the ‘bedding-parallel’ fractures 
on the SW side (top of basement) of the Gebel 
El Zeit block are restored to the horizontal and 
because they are rarely present on the NE side 
of the block, we interpret these as sheet fractures. 
The local fracture spacing of the sheet set 
gradually increases with depth from this contact 
with the Nubia Sandstone so that its fracture 
density decreases with depth (Fig. 10). Although 
these fractures are apparent as much as 40 m 
below the top of basement, outcrop limitations 
restricted our scanlines to 14 m. Data from sub¬ 
surface fracture logs of the Ashrafi Field show 
that sheet fractures exist down to 150 m from 
the top of basement. In addition, very rare 
occurrences of sheet fractures are observed in 
the NE side of the Gebel El Zeit block which 
projects to 1.7 km below the top of basement. 
The behaviour of the sheet fractures within the 
Gebel El Zeit block resembles that of the 
Chelmsford Granite, New England, where 
Holzhausen (1989) and Jahns (1943) similarly 
observed a decreasing sheet-fracture frequency 
with depth. 

Regionally, sheets between fractures at the top 
of basement in the Gulf of Suez become progres¬ 
sively thicker, from 0.2 m at Esh El Mallaha to 
0.6-1.2 m SW of Gebel El Zeit. This pattern 
arises since Gebel El Zeit basement was uplifted 
approximately 150Ma prior to Esh El Mallaha, 
therefore erosion exposed deeper and thicker 
sheets. Except for very rare occurrences, no 
sheet fractures were found to have a present- 
day horizontal attitude, or to be parallel to the 
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Fig. 9. A cross-section of Gebel El Zeit showing the restoration of basement rock on the SW side as the top of 
basement, while the NE side becomes a deeper basement. 



Local spacing (m) 

Fig. 10. Distribution of sheet fractures with depth as indicated by the data from two scanlines (solid and open 
dots). Solid and dashed lines are best fits of the two scanlines. Outcrop limitations restricted length of scanlines, but 
sheet fractures can be traced in some outcrops down to 40.0 m. 
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present-day topographic surface. Lack of post- 
Nubia sheet fractures is due to the intense 
fracturing of the basement which dissipates the 
stresses necessary to form large horizontal 
fractures. 


Faulting 

In the basement of the Gebel El Zeit and Esh El 
Mallaha blocks, faults strike parallel to the 
dominant ENE and NW fracture sets and 
mainly occur as dip-slip normal faults. These 
faults are commonly accompanied by features 
such as pinnate joints, tail cracks, mullions and 
tension gashes that are often lined or filled with 
vug-filling quartz. Although fracture spacing is 
rather uniform at a distance from faults, devia¬ 
tions from this uniformity occur near faults, 


particularly in footwalls (Fig. 11). The fracture 
spacing of a fault-parallel fracture set is usually 
less than 0.75 m but becomes much smaller in 
proximity to faults (Fig. 7). In other words, the 
fracture frequency, for example, of the rift-paral¬ 
lel set, gradually increases towards the border 
fault (Fig. 8). A similar behaviour is observed 
on a single-fault scale. Here, the fault-parallel 
fracture spacing decreases near individual cross¬ 
rift and rift-parallel faults (Fig. 12). In Fig. 12, 
the spacing data of a fault-parallel set are plotted 
against the distance from the fault. The data 
show that: (1) the frequency of a fault-parallel 
set increases near the fault; and (2) the rift-paral¬ 
lel fracture set has a higher fracture frequency 
than the cross-rift set at distances greater than 
5 m from the fault. 

In addition to the increase in the fracture 
frequency near faults, movement along faults 



Fig. 11. Photograph of a rift-parallel fault in granite of the Gebel El Zeit block, looking SE. Wadi Kabrit is to the 
right of the photo. The fracture density near the fault is very high (compare to Fig. 3), especially in the footwall. 
Note the higher fracture density in the hangingwall within 1 m from fault surface. Fracture set symbols are as in 
Fig. 3. 
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Fig. 12. Distribution of fracture spacing of fault-parallel fractures. Fracture spacing tends to increase with 
distance away from the fault. Cross-rift fractures tend to have a linear distribution (A) whereas rift-parallel 
fractures tend to have an exponential distribution (B). 


causes block rotation and this may influence 
propagation of later fractures. The addition of 
fractures and block rotation leads to a larger 
scatter in fracture orientations so that fractures 
near faults plot as a girdle whereas those 
measured away from faults plot as well-clustered 
maxima (Fig. 13). 


Dyke emplacement 

Andesitic and rhyolitic dykes in the Gebel El Zeit 
block extend for distances of more than 500 m 
parallel to the ENE cross-rift faults and 
fractures. Sills strike parallel to the Gulf of 
Suez and dip to the SW parallel to the Nubia- 
basement contact. The small thickness ( c . 1 m), 
weathering and infrequent occurrence limited 
field work on sills, hence the data presented 
here are for dykes only. 


The fracture spacing within dykes averages 
approximately 0.18 m and thus leads to the 
highest fracture frequency anywhere in the 
Gebel El Zeit and Esh El Mallaha blocks. In a 
dyke, the majority of fractures strike parallel to 
the orientation of the dyke itself, implying that 
there is a genetic relationship between dykes 
and fractures (Fig. 14). In addition to their high 
internal fracture frequency, some dykes are 
bordered by a zone of dyke-parallel fractures 
that gradually become less frequent away from 
the dyke walls (Fig. 14). The adjacent zone is 
approximately equivalent to the dyke in thick¬ 
ness. Such fractured zones may be interpreted 
as a process zone ahead of the dyke tip (Delaney 
et al. 1986) or as a manifestation of thermal 
stresses developed in the host rock after dyke 
intrusion. Alternatively, this may be a zone of 
weakness that was exploited during the intrusion 
of the dyke. 
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Fig. 13. Variation of fracture orientations in proximity of faults. Fractures plot on equal-area plots as a girdle 
instead of as well-defined maxima. Data from the NE and SW sides of Gebel El Zeit. 



The Ashrafi Oil-field 

The Ashrafi Oil-field (Fig. 1) is located within a 
series of southwesterly dipping fault blocks that 
were rotated along rift-parallel, NE-dipping 
faults. Composition of the cover and basement 
rocks, and structure of the Ashrafi Field 
resemble that of the Gebel El Zeit block. The 
basement is mainly granitic (alkali granites) 
and is intruded by andesitic and rhyolitic 
dykes. Well logs show that the basement is cov¬ 
ered by pre-rift strata in some wells and by the 
post-rift Miocene elastics or evaporites in other 
wells. For example, the basement of wells A3 
and C-1X is covered by the Nubia Sandstone 
whereas that of well B3 is covered by lower- 
middle Miocene elastics and evaporites (Fig. 
15). The contact between the basement and the 
overlying sediments is defined by discontinuity 
in the gamma-ray and density logs. Dykes 
within the granite can also be resolved using 
the same logs. 

Formation Micro Scanner (FMS) and Forma¬ 
tion Micro Imager (FMI) data in the Ashrafi 
basement are available from several wells. The 
average total fracture frequency is calculated 
from corrected fracture orientations and plotted 
as a fracture density curve plot (FVDC) (Fig. 15). 
Similar to a scanline, the FVDC is calculated as 
the number of fractures recorded by the FMS 


tool per unit depth (an increase in frequency = 
a right shift in FVDC). Sub-surface fracture 
data from the Ashrafi Field show three dominant 
sets: a rift-parallel, cross- rift and sheet fracture 
sets similar to those in the Gebel El Zeit block. 
Fracture sets in the basement rocks of the Zeit 
Bay Field (Fig. 1) also resemble those in outcrop 
(Zahran & Ismail 1986). However, fracture 
attitudes may differ owing to the difference in 
the fault-block orientation or amount of block 
rotation. 

The distribution of fracture density in the sub¬ 
surface varies according to the factors defined 
before (sheet fracturing, faulting, and dyke 
emplacement). In both the Ashrafi and Zeit 
Bay Fields (Fig. 1), the fracture density in the 
sub-surface shows an abrupt increase if the 
borehole intersects a dyke (Fig. 16). In addition, 
boreholes intersecting a rift-parallel fault, e.g. 
wells B2X, and A3, show two dominant fracture 
sets similar to the NE side of the Gebel El Zeit 
block. Furthermore, the fracture density in the 
basement of the Ashrafi Field shows a correla¬ 
tion between the presence or absence of pre-rift 
sediments and total fracture frequency indicated 
by the FVDC. Wells where the basement is 
overlain by the Nubia Sandstone, e.g. A3, show 
a higher total fracture frequency than those 
where the basement is overlain by the Miocene 
section, e.g. well B2X (Fig. 15). 
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Fig. 14. (A) Kamb contour, and (B) field photograph of a fractured andesitic dyke exposed at the Gebel EL Zeit 
block. Most of the fractures within the dyke strike parallel to the dyke. In addition, dyke walls are fractured by a 
lateral fracture zone that, again, strikes parallel to the dyke. Note the areal extent of the dykes shown in the 
background of the photo. 


In order to test this correlation between pre¬ 
rift sediments and fracture frequency, scatter 
diagrams of poles to fractures from the Nubia- 
covered A3 well and the Miocene-covered B2X 
well are compared in Fig. 17. In the top row, 
equal intervals of basement are compared but 
the A3 basement is deeper than the B2X. In the 
lower row, data from the bottom 25 m in both 
wells are compared. Fracture orientations in A3 
are similar to the rift-parallel, cross-rift and 
sheet orientations of the Gebel El Zeit and Esh 
El Mallaha blocks. Although both wells show a 
decrease in fracture frequency with depth, the 
deeper interval of A3 has a higher fracture 
density than the shallower interval of B2X. In 


addition, sheet fractures are abundant in the 
A3 well but are almost absent in the B2X base¬ 
ment. This situation is similar to comparing the 
SW side of the Gebel El Zeit block (A3) with 
its NE side (B2X). The same relationships were 
observed for all the wells where the sheet fracture 
and total fracture frequency are higher in the 
first than in the second. In other words, basement 
rocks covered by pre-rift sediments (e.g. Nubia 
Sandstone) have a higher fracture density than 
those covered by syn- or post-rift sediments 
(e.g. Rudeis Formation). Therefore, the presence 
of pre-rift cover appears to preserve the 
fractured rock beneath it (especially sheet 
fractures) from erosion, while post-Nubia 
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Fig. 15. Four well logs from the Ashrafi Field. The strike of the cross-section is NW, parallel to the Gulf of Suez. In 
terms of stratigraphy and structure, the A3 well is similar to the Al, A2, A5 and C-1X; and the B3 well is similar to 
the B2X and BIX. Grid is 50ft intervals, GR is the gamma-ray log, and FVDC is the fracture frequency curve 
from FMS data. The FVDC shows an increase in the total fracture frequency if the curve shifts to the right, and 
vice versa. Log data modified from Deri (1993). 


exhumation of the basement subjects it to 
erosion and loss of significant fracture density 
with the removal of rocks containing sheet 
fractures. 



0 5 10 15 20 25 


Fractures/m 

Fig. 16. Sub-surface example of increase in fracture 
density along zones intruded by dykes: Ashrafi B2X 
well. 


The similarities of fracture orientation and 
distribution in sub-surface (Ashrafi and Zeit 
Bay) and surface (Gebel El Zeit and Esh El 
Mallaha) fault blocks justify the use of surface 
fault blocks as analogues for the sub-surface 
rocks. However, differences in fracture frequency 
as illustrated above (B2X versus A3) and the 
lack of strong ‘stratigraphic markers 5 in the 
basement may lead to incorrect interpretations. 
For example, B2X was drilled near the crest of 
a rotated fault block, a customary target for 
drilling, yet the fracture density in the basement 
was low at this well. 

In order to completely understand the fracture 
density distribution in basement, these fractures 
must be considered in a tectonic context. The 
style of uplift, proximity to block-bounding 
faults, the depth of erosion, and the interaction 
of more than one fracture set are important 
factors. Based on the tectonic style of the rift 
basin, the following section presents two models 
where fracture distribution differs according to 
the nature of the block uplift and erosion. 
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Fig. 17. Lower-hemisphere stereonet projections of poles to fractures in the Ashrafi B2X and A3 wells; sheet 
fractures plot in the eastern side of the stereo plot (shaded). The fracture density in both wells decreases with 
increasing depth, particularly sheet fractures in A3. The higher fracture density is present in the Nubia-covered A3 
well while the lower fracture density is present in the Miocene-covered B2X well. The last 25 m of the A3 well were 
drilled through the youngest granite intrusion which was fractured under a different, more easterly compression 
than the older granites on top of it. 


Discussion 

Fracture distribution in faulted basement 
blocks 

The local fracture density of a fault block is 
largely controlled by sheet fracturing, faulting, 
dyke emplacement and erosion. The term 
‘fracture density’ is used here qualitatively to 
indicate those portions of a fault block which 
are more fractured than others. Except for 
erosion, the style of deformation (rifting) will 
control the location of maximum fracture 
density. We propose two models that illustrate 
this effect: a rotated-block model fitting the 
behaviour of the fault blocks exposed along the 
shoulders of the Gulf of Suez, and an uplifted- 
block model fitting the behaviour of the fault 
blocks off the southern coast of Vietnam (Khy 
1986). Block rotation is typical for half grabens, 
whereas block uplift is typical for full grabens 
(Morley 1995). 

Theoretically, fractures related to faulting dip 
at an acute angle to the fault surface, such as 
those presented in the block-uplift model (e.g. 
Hancock 1985). However, in the block-rotation 


model, rift-parallel fractures are modelled 
parallel to faults of that orientation as documen¬ 
ted from field work. The discrepancy between the 
two models arises because faults in the Gebel El 
Zeit block were initiated utilizing previously 
existing rift-parallel fracture fabric, and conse¬ 
quently fractures and faults parallel each other 
(Younes 1996). 

In the block-rotation model, we assumed the 
absence of post-rifting sheet fractures. This 
assumption is based on field data from the 
Gebel El Zeit block where occurrences of pre¬ 
sent-day sheet fractures are very rare. The lack 
of present-day sheet fractures may be attributed 
to the high fracture density of the fault block, 
which inhibits the formation of large, uniform 
fractures. Alteratively, sheet fractures are best 
developed when uplifted block has undergone 
peneplanation. Thus, the rugged topography of 
the fractured basement of the Gebel El Zeit 
block would relieve the horizontal stresses neces¬ 
sary to propagate sheet fractures. The abundance 
of pre-Nubia sheet fractures thus suggests some 
degree of peneplanation which has been docu¬ 
mented from the non-conformable relationships 
between the lower Nubia Sandstone and the 



FRACTURED BASEMENT RESERVOIRS 


185 


underlying igneous rocks, and from textural and 
mineralogical data of the lower Palaeozoic 
rocks (Klitzsch & Squyres 1990). 


Block-rotation model 

Rotation of fault blocks along listric or planar 
faults is a common style of deformation in half 
grabens (e.g. the Gulf of Suez) and leads to the 
exhumation of the uplifted edge of the block. 
Large amounts of rotation, proximity of the 
rotation axis to a fault, and large block sizes 
cause larger amounts of uplift, and consequently 
greater depths of erosion into the basement. The 
effect of rotation and erosion on the fracture 
density of a fault block is illustrated by a cross- 
section of the Gebel El Zeit block (Fig. 18). 
The fracture frequency of the sheet fractures 
increases towards the top of the block whereas 


Rift Parallel 



Fig. 18. Rotation of a fault block relocates the most 
fractured portion of a fault block as the crest of the 
block, MN. Subsequent erosion will strip off this part, 
leaving the block with lower fracture density. Point M 
is the most fractured portion of the block. 


that of the fault-parallel fractures increases 
towards the block-bounding faults. 

The intersection of three mutually perpendicu¬ 
lar fracture sets localizes the fracture density 
along the edges of the block, and particularly 
towards a point where the three fracture sets 
intersect. Rotation and uplift of the fault block 
causes the uplifted edge to become the crest, 
where erosion will strip off rocks containing a 
high fracture density. A large amount of erosion 
will leave rocks of widely spaced fractures at the 
top of the basement (Fig. 19). Meanwhile, the 
graben receives sediments and will be filled, 
thereby protecting the underlying basement 
rock, with its relatively higher fracture density, 
from erosion. Because the frequency of sheet 
fractures gradually decreases with depth, higher 
fracture densities are found only where the 
basement cover was not deeply eroded. For 
example, the basement of the A3 well is overlain 
by the Nubia Sandstone, and thus shows higher 
fracture density largely because abundant sheet 
and rift-parallel fractures have not been exposed 
to erosion (Fig. 15). The Shoab Ali Field is 
located in the central Gulf of Suez, and is another 
example of a Nubia-covered basement producing 
field (Nagaty 1982). In contrast, the Ashrafi B2X 
block is a Miocene-covered, deeply eroded block 
and is not a basement producer. 


Block-uplift model 

Block uplift refers to a rifting style where the 
basement is faulted in a horst-and-graben style 
with little or no rotation. This style is typical in 
the central troughs of large rift basins and 
continental shelf margins (e.g. the Cuu Long 
(Mekong) and the Con Son rift basins, Vietnam; 
Chan et aL 1994). In contrast to block rotation, 
the block-uplift style differs in having smaller 
amounts of rotation and larger vertical displace¬ 
ments. 

The model illustrated in Fig. 20 represents a 
horst uplifted along two sub-perpendicular 
faults with initial fracture density similar to 
that of Fig. 16, where fault-parallel fracture 
frequency gradually increases from the centre 
of the block towards the block edges. If the 
basement is exhumed, erosion will gradually 
remove the sheet fractures at the top while the 
graben will receive sediments from the eroded 
rocks. The removal of sheet fractures lowers the 
fracture density of the horst, while the 
sediment-filling of the graben protects the high 
fracture density in the underlying basement. 

In this tectonic style, the maximum fracture 
density is localized at block-bounding fault 
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Fig. 19. Block-rotation model. The eroded basement crest is covered by post-rifting sediments (Middle and Upper 
Miocene) at the southern end of Gebel El Zeit. Dashed lines are faults and the NE fault is the border fault. 


intersections (Fig. 20). The large vertical dis¬ 
placements on these faults (3-6 km; Chan et aL 
1994; Arechev et aL 1992) reflect larger amounts 
of extension, and consequently larger fault- 
related fracture zones. In addition, the thick sedi¬ 
mentary column in the graben will allow lateral 
migration of oil from the source rock, or other 
reservoir rock, into the fractured basement. 
Thus, if the horst is eroded, fractures will be loca¬ 
lized only at fault intersections, and there will be 
reduced chances for lateral oil migration, and 
hence oil accumulation in the horst block. 

Alternatively, if the amount of uplift of a horst 
is insufficient to erode the entire sedimentary 
cover on top, the horst will have its highest 
fracture density at fault intersections and near 
the top of the block. In this case, penetrating 
the crest of a fractured basement reservoir block 
is recommended. Deep wells (4.5 km) penetrating 
over 1 km of fractured basement of the Cuu Long 
basin, Vietnam, could have intersected such large 
fault-intersection zones. 


Where do fractured basement reservoirs 
occur? 

In Fig. 21, we examine three possible fractured 
basement reservoir targets for each tectonic 
style as discussed above (Figs 19 and 20). 
Targeting the crest of the structure is routine in 
oil exploration; however, in fractured basement, 
crests are the most eroded. For example, well X 
was drilled on the crest of the structure in both 
tectonic styles where the basement is less 
fractured, and hence lower permeability values, 
such as those of B2X, are expected in both 
wells. Well Y, on the other hand, is drilled near 
fault intersections where fault-parallel fractures 
are well-developed and provide high perme¬ 
ability. Because well Y in the rotated block 
lacks sheet fracture intersections, it will show 
lower fracture density (and permeability) than 
an uplifted block. In addition, the decrease in 
the fracture density away from the fault will 
govern the ‘thickness’ of the reservoir in the 
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Fig. 20. Block-uplift model. Dashed lines are faults bounding the horst structure. Erosion of the horst will reduce 
the overall fracture density . Deposition of eroded material in the graben protects the basement’s fracture density. 
The maximum fracture density occurs at fault intersections. 


rotated block example, whereas the parallelism 
of the well bore to fractures in the uplifted 
block may be a disadvantage. Overall, well Y in 
block uplift is a better target than that in block 
rotation. Well Z is drilled in a highly fractured 
basement that is covered by pre- or syn-rift 
sediments where it is likely to encounter high 
fracture density in both wells. However, the 
well of the block-rotation model is a more 
promising target than that of the block-uplift 
model, simply because oil can migrate upwards 
through faults in the rotated block, but it is less 
likely that it will move laterally into the down- 
thrown block of the block-uplift model. 

Other controls may influence the productivity 
of fractured basement rotated fault blocks. For 
example, some wells around the Ashrafi Field 
have fractured basement that is covered by the 
Nubia Sandstone. However, these wells were 
not basement producers simply because the 
fractured portions were below the oil-water 
contact, whereas the crests, the less fractured 
portion, were above it. Another situation arises 
if the fault and bedding attitudes inhibit the 


upward migration of oil into the fractured 
basement (e.g. if the fault and the beds dip in 
opposite directions). Despite these exceptions, 
fracture density within a basement fault block 
generally increases away from its eroded crest, 
and reaches a maximum below the uneroded 
portions. 


Effect of fractures on permeability 

Basement rocks, unless fractured, have very low 
permeability and porosity. Vertical fractures are 
generally abundant in basement rocks and 
provide conduits with high directional perme¬ 
ability and porosity. However, lateral communi¬ 
cation may be reduced because of low fracture 
interconnectivity. Sheet fractures, with their 
large dimensions, can greatly enhance inter¬ 
connectivity, especially at the top of basement. 
For example, basement in well A3, where high 
flow rates were recorded during production 
tests (28 BOPD/PSI on average), is highly 
fractured with an abundance of sheet fractures 
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Fig. 21. Possible potential targets for fractured 
reservoirs. See text for discussion. 


(Fig. 17). On the contrary, basement lacking 
sheet fracturing (e.g. B2X) is less permeable 
and porous as indicated by the low rates of 
production tests (4 BOPD/PSI). The extent, 
depth and distribution of sheet fractures is 
critical to the production of fractured basement 
reservoirs, particularly in fault blocks where the 
crest is eroded. 

The presence of sheet and fault-related 
fractures is possibly the most significant factor 
in determining the quality of a fractured base¬ 
ment reservoir. Their presence localizes the frac¬ 
ture density at the edges of a fault block, and 
consequently creates potential high-permeability 
targets. In addition, the scatter of fracture orien¬ 
tations near faults increases the number of 
possible fracture intersections and hence the 
opportunity to develop a wellconnected fracture 
network that would increase the overall perme¬ 
ability. 

Dyke geometry in the Gebel El Zeit block 
indicates that they were intruded through 
previously existing fractures. The high fracture 
density and the occurrence of lateral fracture 
zones marginal to dykes make them potential 


zones of high permeability. The strong paralle¬ 
lism of fractures within and around the dykes 
and the lower fracture density in the surrounding 
granite, could increase the permeability aniso¬ 
tropy. In Zeit Bay Field, such increases in perme¬ 
ability at dyke intersections are matched by an 
increase in production (Ismail & Abd-Elmoula 
1992; Younes 1996). 


Conclusions 

Outcrop studies of the Gebel El Zeit and Esh El 
Mallaha blocks show that the fracture density of 
basement rocks increases by three geological 
processes: sheet fracturing, faulting and dyke 
emplacement. Sheet fracturing increases a 
block’s fracture density near the top and 
provides the block with horizontal permeability. 
The continuous formation of sheet fractures 
depends on the intensity of fracturing of the 
block and may control the potential of reservoirs 
in uplifted blocks. Faulting is associated with 
veining and zones of higher fracture density 
that also increase rock permeability. In addition, 
fracture orientations show a wider scatter that 
may contribute to the increase of permeability 
near faults. Dykes have the highest fracture 
density, but the majority of these fractures 
strike parallel to the dyke orientation and thus 
may provide a path of permeability anisotropy. 
The existence of a dyke-parallel lateral fracture 
zone in the host rock will enhance this 
anisotropy. 

Sub-surface studies in the Ashrafi Field show 
that rotation of a fault block relocates the 
highly fractured edge of the block as the crest 
of the block, whereas uplift of basement as a 
horst localizes the fracture density along the 
boundaries of the horst. In either mode of 
uplift, erosion will strip the rock of its highly 
fractured portions. Thus distribution of fracture 
density in a fault block depends on the depth of 
erosion, or the length of hiatus between the 
basement and the overlying cover. Fractured 
reservoirs are best-developed where the fractured 
basement was protected by the pre-rift cover and 
was not eroded. 

Finally, the Gebel El Zeit and Esh El Mallaha 
fault blocks can be analogues to sub-surface 
Ashrafi blocks and outcrop characterization of 
fractures is necessary to properly evaluate 
fractured reservoirs. 
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Abstract: Interpretation of regional two-dimensional seismic surveys and three-dimensional 
seismic surveys in the central North Sea has demonstrated the existence of a pervasive poly¬ 
gonal network of normal faults affecting Tertiary shale-dominated slope and basin-floor 
depositional systems. The area affected by the faulting encompasses most areas of hydro¬ 
carbon production from Tertiary sandstone reservoirs. The polygonal fault networks were 
active during sedimentation and early burial. Throws measured on individual faults range 
from 8 to 100 m, with average fault plane dips of 45°. Lengths of individual fault segments 
range from 80 to 1400 m, and average fault spacings range from 100 to 500 m. The high 
density and the polygonal geometry of the faults make seismic interpretation of the Lower 
Tertiary interval problematic, and can lead to misinterpretation of faults as apparent 
seismic-stratigraphic features. 

The recognition of this fault system has consequences for the development of fields in 
Tertiary reservoirs. The remaining hydrocarbon potential in the Lower Tertiary could be 
considered predominantly to be stratigraphic plays, but the presence of faults active 
during sedimentation and early burial implies that this play concept is too simplistic, 
particularly for Eocene reservoirs. The role of both syn-depositional and early-burial 
normal faulting on original reservoir distribution and post-depositional modification 
should be considered further. The presence of this fault system may also be important for 
secondary migration into Lower Tertiary reservoirs from Kimmeridge Clay Formation 
source rocks. The existence of an interconnected fault and fracture network in the low- 
permeability mudrocks may have provided an efficient vertical migration pathway for 
charging isolated lower Tertiary sandstone reservoirs. Finally, the maximum fault throws 
of between 50 and 100 m are large enough to represent potential barriers for lateral 
communication in sandstone reservoirs where individual sand bodies are commonly 25- 
100 m thick. 


With the recent widespread application of 
sequence-stratigraphic concepts to the petroleum 
geology of the North Sea, the Lower Tertiary 
sandstone reservoirs (e.g. Forties-Montrose, 
Nelson (Paleocene) and Forth, Gryphon and 
Alba (Eocene)) in deep-water successions are 
interpreted as basin-floor or slope deposits 
developing in a lowstand systems tract (Stewart 
1987; Milton et al. 1990). Within this model, 
basin-floor fans are predicted to be sand-rich 
and hence are considered to be attractive hydro¬ 
carbon prospects (Posamentier & Vail 1988). The 
dominant role of the sequence-stratigraphic 
approach has meant that subtle structural fea¬ 
tures affecting the Paleocene-Eocene reservoir 
intervals have been either neglected or relegated 
to minor significance, in comparison to strati¬ 
graphic controls on reservoir geometry and 
occurrence. In this paper, we describe the devel¬ 
opment of a pervasive, polygonal network of 
small-scale extensional faults affecting slope 
and basin-floor depositional systems in the 
central North Sea (Cartwright 1994a, b). We 


illustrate the detailed geometry of this polygonal 
fault system using as an example one of the six 
three-dimensional (3D) seismic datasets studied 
to date in the central North Sea, and discuss 
the implications for development and explora¬ 
tion strategies for Eocene reservoirs. 

Stratigraphic setting of the tertiary 
sandstone play 

The polygonal fault systems described here affect 
Paleocene to Miocene clastic sedimentary 
sequences in the central North Sea Basin 
(Fig. 1). The lithostratigraphy of the deformed 
units is dominated by mudstones and silty mud¬ 
stones that accumulated in prodelta, slope, and 
basin-plain depositional environments in a 
partly enclosed marine basin (Parker 1975; 
Lovell 1990). Commencing in the Paleocene, a 
large volume of sand-rich sediment was eroded 
off the uplifted Scottish Highlands-Shetland 
Platform and transported into depocentres 


Lonergan, L., Cartwrtght, J., Laver, R. & Staffurth, J. 1998. Polygonal faulting in the Tertiary of the central 
North Sea: implications for reservoir geology. In: Coward, M. P., Daltaban, T. S. & Johnson, H. (eds) Structural 
Geology in Reservoir Characterization. Geological Society, London, Special Publications, 127, 191-207. 
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Distribution of high-density faults in Eocene-Miocene 
slope and basin-floor depositional systems 




Major Paleogene deltaic systems 
□ Paleocene Discoveries • Eocene Discoveries 


Fig. 1. Distribution of faulted Tertiary slope and basin-floor facies in the central-northern North Sea and location 
of main Tertiary discoveries in sandstone reservoirs. 


located over the buried Mesozoic Central and 
Viking Grabens (Morton 1979). Large fluvial 
deltas built out into the Moray Firth and East 
Shetland Platform. At times during the Paleo¬ 
cene (Maureen, Andrew and Forties Forma¬ 
tions) and during the Eocene (Balder and Frigg 
Formations), submarine sand-prone complexes 
were deposited in the deeper water environments 
of the Viking and Central Grabens. Channel 
sandstone complexes form the Paleocene (post¬ 
chalk) and Eocene reservoirs. During breaks in 
clastic input large areas of the shelf and coast 
were drowned and mudstone-dominated 
packages separate the major sandstone units. 
Channel development was much more extensive 
during the Paleocene than the Eocene. It is con¬ 
sidered that during the Eocene, sands were fed 
to the basin during times of relative sea-level 
fall via canyons (e.g. the Frigg Fan (Den 


Hartog Jager et al. 1993) and the Alba sands 
(Harding et al. 1990; Newton & Flanagan 
1993)), or due to slump failure of the shelf edge 
(Forth Field sands (Alexander et al. 1993)). The 
Paleocene sand-rich complexes tend to be more 
laterally extensive and have a sheet-like geometry 
in comparison to some of the Eocene facies, 
which exhibit restricted mound-like geometries 
with massive sandstone units (e.g. Gryphon, 
Forth and Balder Fields). 

Three different trapping mechanisms have 
been described for Tertiary sandstone fields 
(Parsley 1990; Bain 1993). 

(1) Structural dip closures have developed by 
differential compaction over Jurassic tilted 
fault blocks. Typical examples are the 
Paleocene Forties, Montrose and Nelson 
Fields. 
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(2) Salt-induced structural traps occur, such as 
the Cod, Maureen and Machar Fields. 

(3) Stratigraphic traps occur where sand-rich 
depositional bodies are sealed and enclosed 
by hemipelagic shales (e.g. Alba and Frigg 
Fields). Later drape and differential compac¬ 
tion forms the trap with a mound-like mor¬ 
phology. Another successful stratigraphic 
trapping mechanism is the pinch-out of 
mounded sands against pre-existing topo¬ 
graphy in the basin. In Gannet East, the 
Eocene Tay Formation sands pinch out 
towards the shelf and the salt-induced 
highs of Gannet North and Central to the 
SW. The Everest field also shows a similar 
relationship where the sand lobes pinch out 
eastwards onto a topographic high in the 
basin (O’Connor & Walker 1993). 

A stratigraphic trapping style is frequently con¬ 
sidered more typical of the Eocene fields. 
Recently however, the improved high-resolution 
3D seismic data acquired over fields such as 
Balder, have shown that trapping is achieved 
by a combination of structural and stratigraphic 
mechanisms with small faults defining the trap 
geometry on the sides of the sedimentary 
mounds (Jenssen et al 1993). 

Recent exploration targets in the Tertiary of 
the central and northern North Sea have focused 
on remaining subtle stratigraphic traps. If such 
plays are to be successful, the effect that perva¬ 
sive polygonal fault systems might have on 
influencing the geometry of reservoir bodies 
must be considered. Much drilling activity 
aimed at Tertiary objectives is concentrating on 
the appraisal and development of existing dis¬ 
coveries. Again, success will rely on an under¬ 
standing of the depositional processes and the 
role of faults during and after sedimentation. 


Fault geometries 

The structural expression of the Lower Tertiary 
fault system on two-dimensional (2D) seismic 
data has been described previously by Rundberg 
(1989), Higgs & McClay (1993), Clausen & Korst- 
gard (1993), and Cartwright (1994n,6). Examples 
of the 2D seismic expression of these faults can 
be found in Fig. 2 of Cartwright (19946) and 
Fig. 2 of Higgs & McClay (1993). The small exten- 
sional faults are generally poorly resolved on 2D 
seismic data. This is because the fault spacing is 
dense relative to the spatial resolution of the 
data, and because the polygonal geometry 
means that any 2D section will always consist of 
many oblique fault intersections which cannot 


be migrated properly. Hence 3D seismic data are 
required to image the faults properly. The faults 
are best imaged in the high-reflectivity parts of 
the Lower Tertiary section in mudstone-domi¬ 
nated lithologies. Regionally, in the central 
North Sea, they are most pervasively developed 
in slope and basin-floor depositional facies in 
the Eocene to Middle Miocene interval, but are 
recognized to a lesser extent in the more sand- 
prone Paleocene succession. 


3D seismic case study: Block 16/26 

As an example of the deformational style, two 
orthogonal seismic lines and two horizon maps 
from a 3D seismic survey in Block 16/26 (UK 
sector, central North Sea) are illustrated in 
Fig. 2. Two levels with clearly faulted horizons 
are visible on the seismic sections (Fig. 2A and 
B) at approximately 1.5 and 2.0 s two-way- 
travel time (TWTT) respectively. In between 
there is a zone of low-amplitude reflectivity 
where it is difficult to be confident of interpreting 
faults. Individual faults are thus restricted in ver¬ 
tical extent to only part of the entire deformed 
interval with only the occasional faults appearing 
to cross the entire interval. The deformation is 
layer bound and concentrated between the 
Middle Miocene marker and the prominent 
Balder horizon (base Eocene). The lower levels 
of the fault system affect reservoir sandstone 
bodies distributed within the middle Eocene 
interval. The faults on this dataset are best 
resolved in the mudrock-dominated lithologies 
of the uppermost Oligo-Miocene interval. Hori¬ 
zon data from this interval are used to illustrate 
the main geometrical attributes of the polygonal 
fault network. 

We have found that structural interpretation 
of this highly complex fault system is best 
approached via a horizon-based interpretation 
rather than by interpreting faults on sequential 
vertical sections. Fault interpretation is relatively 
straightforward if the section intersects a fault 
approximately orthogonally and the faults are 
well imaged (e.g. centre portion of Fig. 2A). 
However, as a result of the polygonal organiza¬ 
tion of the fault system, most sections will have 
low-angle oblique or strike cuts through faults, 
and these cut-outs are responsible for the poor 
continuity of stratigraphic markers. This means 
that it is difficult to reproduce a unique fault 
interpretation on vertical sections, but it is 
possible to obtain accurate fault maps by inter¬ 
preting clear marker horizons, on a line-by-line 
basis. The dense sampling of fault cuts then 
eliminates aliasing problems, and mis-ties are 
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Y Y’ 

Fig. 2. (A) and (B) NW-SE (XX') and SW-NE (YY') seismic sections from a 3D survey of Block 16/26, in the UK 
Sector of the North Sea. Two interpreted horizons of Lower Miocene age (green) and Oligocene age (yellow) are 
illustrated on each section. The vertical scale is two-way travel time. The seismic sections (A and B) show the 
faulted interval bounded at the top (Middle Miocene and younger ) and bottom (Balder Formation) by 
undeformed sequences. Faults are recognized from normal-sense offsets of stratal reflections. Seismic section XX' 
(A) is perpendicular to the strike of a group of faults in the centre of the Oligocene map and hence most of the fault 
planes appear to dip uniformly to the NW. On the orthogonal seismic section YY' (B) faults can be identified 
dipping in opposite directions, but a comparison of the fault maps and seismic sections shows that the sections 
intersect other faults obliquely resulting in very low angle fault offsets of horizons. 
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1.24 s 


■ 1.26 s 


380 m 



(C) and (D) Structural maps in two-way travel time of the interpreted Oligocene and Lower Miocene horizons. 
The horizon maps were constructed by line-by-line interpretation at 12.5m spacing of sections oriented NW-SE 
and SW-NE. Each horizon is deformed by small extensional faults that are organized in a polygonal pattern. 
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Fault Strike 



Oligocene 


11 % 


b) N = 237 



d) N = 2 


Fig. 3. Equal-area rose diagrams of fault strikes (a) and (b) and dip direction (c) and (d) for faults offsetting the 
Lower Miocene and Oligocene horizons. Despite the horizons being separated by only 250 m they exhibit different 
preferred orientations of fault strike. The Oligocene fault map has an almost equal number of faults oriented in all 
directions, whereas the Lower Miocene horizon has a background radial distribution of fault strikes with a 
superimposed strong preferred orientation of NW-striking faults. For both horizons, faults that strike between N 
and E, dip (and downthrow) towards the NW quadrant. 


readily observable. The 3D fault structure can 
then be inferred by mapping several closely 
spaced horizons. 

Figure 2C and D are fault maps constructed by 
interpreting a Lower Miocene and an Oligocene 
horizon on closely spaced lines (12.5m intervals) 
throughout the 3D survey. The horizons are 
gently dipping at less than 1° to the SE as seen 
by the broad change in TWTT from grey in the 
NW to reds in the SE. The faults are identifiable 
as linear to arcuate gaps or jumps in the time 
contour colours. The gaps represent the fault 
heave and the irregularities in the fault traces 
reflect the resolution accuracy in interpreting 
fault plane positions from horizon offsets. The 
polygonal organization of the fault system is 
the most obvious characteristic of these maps, 
with many examples of triple and even quadruple 
fault intersections. The Oligocene fault map has 
an almost equal number of faults oriented in all 
directions (see rose diagram. Fig. 3b). In compar¬ 
ison, the Lower Miocene horizon has a back¬ 
ground radial distribution of fault strikes, with 
a superimposed strong preferred orientation of 
NW-striking faults (Fig. 3a). 


Although the two horizons are only separated 
by about 250 m they exhibit different fault pat¬ 
terns and not all of the faults connect between 
the two horizons. A close examination of the 
dataset shows that the NW-striking faults 
deforming the Lower Miocene tend to be short 
faults (in a depth direction), have small throws 
(<15m), and do not extend down to the Oligo¬ 
cene horizon. Faults that can be traced through 
the two horizons tend to have accumulated the 
largest displacements. Closely spaced horizons 
with different biases in fault orientation are not 
unique to the Block 16/26 data and have been 
described from other 3D datasets (Cartwright 
& Lonergan 1996). An interesting feature of the 
deformation pattern is that faults striking 
between N and E preferentially dip to the NW 
quadrant (Fig. 3c and d), i.e. up-dip of the regio¬ 
nal shallow tilt of the succession. Why this 
should be so is as yet not fully understood, but 
may represent a response to the palaeoslope 
during fault formation. Fault patterns affecting 
horizontal basin-floor successions do not show 
such a marked preferred fault dip direction. 
Higgs & McClay (1993) first observed the 
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preferred dip direction to the NW in the Outer 
Moray Firth, which they attributed to gravita¬ 
tional collapse of the slope due to a tilting 
event in the Middle Miocene. However, their 
model fails to account for the polygonality of 
the fault system or for the occurrence of exten- 
sional faults in the horizontal region of the 
basin axis. 

The throws on the faults shown on the two 
horizon maps (Figs 2C and D) range from 8 m 
to a maximum of 50 m, assuming a velocity of 
2000 ms -1 for this interval (Fig. 4A). In general 
the throw measured on the upper portions of 
the faults (Lower Miocene level) is less than at 
the Oligocene level. Fault throws of up to 
100 m have been measured on other 3D datasets 
from the central North Sea. In section the faults 
within this interval have dips ranging from 30° to 
70°, with an average of 45° (Fig. 4B). Faults with 
arcuate map traces are often gently listric in sec¬ 
tion, and short linear fault segments tend to be 
planar. In plan view, lengths of individual fault 
segments range from 80 m to 1400 m, with the 
majority of the faults having segment lengths of 
100-400 m on the Oligocene horizon and 200- 
600 m on the Lower Miocene horizon (Fig. 4C). 


Timing of fault movement 

The Middle Miocene ‘unconformity’ is a regional 
marker in the central-northern North Sea and 
other workers have assumed that the faulting 
affecting the Tertiary interval took place at this 
time (Harding et al. 1990; Higgs & McClay 
1993; Clausen & Korstgard 1993). The fact that 
different levels within the deformed interval 
have different densities, spacings and patterns 
of faults (Figs 3 and 4) implies that the entire 
interval cannot have been faulted at the same 
time. Even stratigraphic horizons separated by 
only 250 m have different fault populations 
suggesting that faults must be active during 
early burial within the time interval separating 
the horizons. 

Evidence for syn-sedimentary movement on 
the faults has been found at at least two stratigra- 
pic levels within the 16/26 survey area. In the 
youngest portion of deformed succession diver¬ 
gent, wedge-shaped groups of reflectors observed 
in the hangingwall of the faults in the Oligo- 
Miocene interval imply that syn-sedimentary 
movement took place on the faults in the early 
Miocene. The seismic panel in Fig. 5a is a 
random line chosen perpendicular to the strike 
of a group of planar faults dipping to the NW 
which affect the Oligo-Miocene interval. On the 
centre fault block, beneath the Middle Miocene 


unconformity, wedge-shaped reflectors can be 
clearly seen. 

Older syn-sedimentary fault movement is 
apparent from reflection configurations at 
deeper levels within the Eocene (Fig. 5B). The 
horizon map detail in Fig. 5B illustrates two 
faults which intersect in the SE corner of the 
map. The westerly fault dips and downthrows 
to the NE, whereas the easterly fault downthrows 
to the SW forming a small asymmetric depres¬ 
sion between the two faults. On the seismic line, 
orthogonal to the westerly fault, a distinct thick¬ 
ening of strata is visible in the hangingwall of the 
fault above the interpreted horizon (grey 
marker). Other examples similar to this imply 
that some of the faults propagated to the sea¬ 
floor generating local topography during 
Eocene times. 

It is apparent from this description of reflec¬ 
tion geometries associated with different sets of 
faults in the 16/26 survey area that the defor¬ 
mation occurred at different times during sedi¬ 
ment deposition. Similar conclusions have been 
reached for other survey areas in the central 
North Sea, where up to four ‘tiers’ of faults 
have been interpreted based on fault population 
analysis from horizon maps (Cartwright 1996). 
Evidence for several episodes of fault movement 
places constraints on the type of process involved 
in the genesis of the polygonal faults. The 
evidence for syn-sedimentary fault activity as 
early as the middle Eocene also raises the possi¬ 
bility that faulting influenced the depositional 
processes at a time when reservoir-prone units 
were being deposited. 


Fault genesis 

Cartwright & Lonergan (1996) have measured 
the amounts of extension on Lower Tertiary 
faults on differently oriented sections through 
two 3D seismic survey areas. They found that 
the extensional strain in two separated areas 
was radially isotropic as measured on sub-hori¬ 
zontal marker horizons within the layer-bound 
deformed interval. Two explanations for this 
bulk strain are possible: either the extension is 
a true extension, and compactional flattening 
was accompanied by radial outward movement 
of the original stratigraphic horizons (Fig. 6A), 
or the extension is an apparent strain, and com¬ 
paction was accompanied by radially uniform 
volumetric contraction of the beds (Fig. 6B). 
Since the deformation is clearly layer-bound 
and there is no evidence for displacement 
transfer to basement structures, Cartwright & 
Lonergan (1996) argue that the only explanation 



198 


L. LONERGAN ET AL. 


A. FAULT THROW 
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Fig. 4. Statistics for faults in the Oligo-Miocene deformed interval. (A) Range of throws measured on faults 
offsetting the mapped Oligocene and Lower Miocene horizons. Throws are maxima for each fault measured on 
seismic sections perpendicular to the fault strike and depth, converted assuming a seismic velocity of 2000 ms -1 . 
Dips of faults (B) were measured on true-scale seismic sections perpendicular to fault strike. (C) Histograms 
illustrating the range in fault segment lengths for faults intersecting the two mapped horizons. 


for this apparent extension is by layer-parallel 
volumetric contraction. Were it to be a ‘true’ 
extension, the 10-20% measured values of 
apparent extension would require a totally 
unrealistic extrusion of 20-30 km of Lower Ter¬ 
tiary rocks outward at the basin margins in order 
to conserve volume across the 200 x 400 km 
dimensions of the deformed region of the basin 
(Fig. 1). Further evidence suggesting that the 
polygonal faults have not formed in response to 


a regional tectonic event is the observation that 
the fault orientation statistics and map geo¬ 
metries change between closely spaced horizons 
within one deformed interval (Figs 2 and 3; Cart¬ 
wright, 1996), a feature that is atypical of tectonic 
fault patterns. 

The mechanism of faulting by volumetric con¬ 
traction can be considered partly analogous to 
the development of shrinkage cracks during the 
desiccation of muddy sediments. When mud 
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(a) Miocene growth 
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Fig. 5. Seismic sections showing syn-sedimentary fault growth in lower Miocene and Eocene times. (A) The seismic 
panel is a random line chosen perpendicular to the strike of a group of planar faults dipping to the NW in the 
Oligo-Miocene tier. The dashed grey lines with circles are interpreted faults. Note the low-angle strike cut of a fault 
parallel to the section below 1.5 s. (Not all possible faults have been interpreted on the section.) (B) Seismic line and 
map (contoured in TWTT) of an Eocene horizon (pale grey marker below 2 s on seismic line). The map shows the 
fault traces (black gap) and location of the seismic line. The seismic line illustrates the thickening of hangingwall 
strata into the fault. The grey loop above the pale marker splits into an extra back-loop close to the fault. 


cracks develop there is a net loss of pore fluid 
resulting in the development of tension cracks 
creating voids, but no net extension of the 
shrinking mud layer. Both processes result in 
polygonal extensional structures, but in the case 


of the fault system in the Lower Tertiary, the 
polygonal structures are inclined normal faults, 
not vertical tensile fissures. 

Cartwright & Lonergan (1996) propose that 
faults forming by volumetric contraction occur 
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A) Compaction & Extension 


B) Compaction (with contraction) 
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Fig. 6. Alternative mechanisms for the observed 3D deformation in the Tertiary sequence. For simplicity, the 
strain paths are illustrated in 2D, because the polygonal distribution of faults implies that any orientation of cross- 
section exhibits the same structural relationships. In both cases there is a reduction in volume due to compaction 
during burial. In (A) the compaction is accompanied by a net extension, whereas in (B) there is no net extension 
(the rectangle sides are pinned) and hence the bed lengths must contract (from Cartwright & Lonergan 1996). 


in response to fluid expulsion from the mudrocks 
during early compaction, which is consistent 
with the seismic evidence for fault movement 
during shallow burial (Fig. 5), and that within 
the first two kilometres of burial mudrocks 
reduce their volume by up to 50% due to loss 
of pore fluid. The build-up of fluid overpressures 
may have triggered failure in the cohesive muddy 
sediments (e.g. Henriet et al. 1991; Verschuren 
1992; Cartwright 1994a, b) allowing some de¬ 
watering due to enhanced permeability along 
and in the vicinity of faults and fractures. Alter¬ 
natively, the driving force for failure may well be 
partly provided by physical interactions between 
clay minerals induced by pore fluid expulsion, 
rather than solely by a critical fluid overpressure 


(Cartwright & Lonergan 1996). The faults would 
continue to grow as long as the rock mass 
contracted volumetrically. With increasing 
burial, and less and less pore fluid to expel, the 
fault system probably ceased to be an important 
dewatering mechanism and became inactive 
beneath a threshold depth. In the meantime 
new sediments within the top few hundred 
metres beneath the sea floor began to deform in 
a similar way, forming a new and different set 
of polygonal faults. 

This model explains many aspects of the fault 
system, including the basin-scale distribution in 
the low-permeability slope and basin floor 
lithofacies, the layer-bound distribution of the 
deformed intervals and the polygonal organisation 







POLYGONAL FAULTING AND NORTH SEA RESERVOIRS 


201 


of the faults. In slope settings the slope dip or 
wedge geometry of the sedimentary package may 
have had some influence on fault propagation 
direction, with faults dipping up-slope developing 
preferentially. 


Implications for reservoir geology 

Field development strategies 

The widespread distribution of the polygonal 
fault network encompassing most of the areas 
of commercial production from Tertiary reser¬ 
voirs in the North Sea (Fig. 1) means that 
many Lower Tertiary reservoir intervals could 
be intersected by normal faults with throws of 
up to 50-100m. The main Lower Tertiary 
reservoir units have thicknesses varying between 
25 m and 400 m (Fig. 7). In general the Paleocene 
reservoirs are thickest, but many Eocene 
reservoirs have thicknesses of less than 100 m 
over substantial parts of the productive volume, 
and the likelihood of the productive reservoir 
interval being faulted against mudrocks is high. 

Given that mud-rich rocks dominate the 
lithostratigraphy of the Lower Tertiary, the 
sealing potential of faults by clay-smear along 
the fault plane is high. Therefore even if the 
throws on the faults are not large enough to 
offset reservoir sands, they may still be respon¬ 
sible for compartmentalizing the reservoirs. 


Sandstone injection features are commonly asso¬ 
ciated with Eocene reservoirs (Alexander et al. 
1993; Newman et al. 1993; Dixon et al. 1995) 
and from both core and seismic studies are 
observed to be injected along fault planes. If 
such injected sandstones occur they could be 
expected to offset the effects of clay-smear 
along the fault plane and to improve reservoir 
connectivity. 

When planning horizontal wells, the possi¬ 
bility of drilling from reservoir into shale and 
then back into reservoir due to <50 m offsets 
on faults that are seismically difficult to resolve 
should not be discounted (Fig. 8). Detailed 
horizon mapping is the best way of identifying 
faults. Finer resolution of subtle smaller faults, 
with offsets less than the cycle of seismic reflec¬ 
tion, that only cause an inflection in the horizon 
can be made by making attribute (azimuth, dip, 
edge and amplitude) maps from interpreted 
horizon maps. To confirm the existence of 
faults that are poorly resolved in cross-section, 
maps of closely spaced horizons above and 
below the reservoir interval should be made. 
Faults can then be traced from one map to 
another and their position through the reservoir 
interval tracked. Although it is time-consuming, 
careful fault mapping will help identify small- 
scale faults difficult to observe on seismic sections 
through the reservoir body. This added informa¬ 
tion is obviously crucial when planning reservoir 
development and well locations. 



Fig. 7. Gross reservoir thicknesses for Lower Tertiary sandstone fields. Ranges in reservoir thicknesses have been 
plotted where available. Data compiled from numerous published sources. 
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A) 


Stratigraphic "mound" or faulted unit ? 
Implication for field development 




Fig. 8. Implications of polygonal faulting for reservoir 
geology. The misinterpretation of a complex faulted 
structure (B) for an apparently simple stratigraphic 
mound (A) may lead to surprises during field 
development, where horizontal wells may shale out due 
to small offsets on normal faults. 


Seismic interpretation 

Cartwright (19946) has summarized the potential 
interpretational pitfalls of not recognizing the 
presence of the small Lower Tertiary faults. 
Changing polarity of fault dips or hangingwall 
roll-over on closely spaced listric faults can be 


mistaken for stratigraphic mound morphologies. 
Bain (1993, Fig. 5a) illustrates one such ‘mound’ 
from the central North Sea. When it was drilled 
by the operator it was found to contain no 
sand and the subsequent interpretation was a 
series of closely spaced listric normal faults. 
The stratal rotation within fault blocks was 
responsible for the apparent mound. 

As previously discussed, the complex 3D fault 
pattern means that any seismic section contains 
low-angle intersections with faults parallel and 
oblique to the orientation of the seismic section. 
The resultant low-angle and subtle offsets to 
horizons of interest may be misinterpreted as 
‘stratigraphic’ onlap and downlap features or 
even facies changes. 

Poor interpretation of faults or even ignoring 
them can lead to substantially different and 
potentially erroneous reservoir correlations. 
Figure 9 illustrates a realistic situation where a 
reservoir correlation between sandstones picked 
in several neighbouring wells could be made in 
two totally contrasting ways. In the first case 
(Fig. 9 A), the sandstones are correlated assuming 
a depositional model of a channelized submarine 
fan. This leads to a reservoir geometry of several 
isolated lensoid sand bodies. In the second case 
(Fig. 9B), the same well picks are correlated 
with due attention paid to fault patterns 
recognized on the seismic data. The resultant 
correlation is radically different from the strati- 
graphically-driven solution, and would have 
important consequences for reserve calculations 
and choice of development drilling locations. 



Fig. 9. Comparison of well correlations for reservoir sandstones based on (A) stratigraphic model, and (B) 
structural model incorporating polygonal faults. The sandstone picks are identical in both cases but in (A) the 
correlation depicts isolated sandstone bodies, whereas in (B) the correlation takes account of remobilization of 
sandstone along fault planes in the form of dykes and sills. Note also in (B) the missing section due to fault cut-out 
which is shown in (A) as channel incision. 
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Integration of the complex faulted structure into 
reservoir correlation schemes may in some cases 
reduce connectivity and downgrade the potential 
of an accumulation, but in other cases, syn-sedi- 
mentary faulting during reservoir deposition 
could lead to increased reserve potential in other¬ 
wise unexpected trapping configurations. Ignor¬ 
ing the complex fault system simply because it 
is difficult to map will lead to an incomplete 
assessment of potential reserves. 


Deposit ional models 

The Eocene sandstone reservoirs are distinctive 
in that they are predominantly massive, high- 
porosity sandstones with very few preserved 
sedimentary structures, except for dish and 
pillar dewatering structures (Armstrong et al. 
1987; Brewster 1991; Mattingly & Bretthauer 
1992; Newton & Flanagan 1993; Alexander 
et al. 1993; Newman et al. 1993; Jenssen et al. 
1993; Shanmugam et al. 1995; Dixon et al. 
1995). Sandstone bodies can be up to 100 m 
thick but exhibit rapid lateral thickness variation 
and often pinch out over distances of less than 
500 m. Post-depositional modification of the 
massive sandstone bodies is a common feature 
of many Eocene reservoirs. Soft-sediment 
deformation structures and sand and mud 
injection features have been described in cored 
intervals through the Alba, Forth, Gryphon 
and Balder fields (Mattingly & Bretthauer 1992; 
Jaffri 1993; Newton & Flanagan 1993; Alexander 
et al. 1993; Newman et al. 1993; Jenssen, et al. 
1993; Dixon et al. 1995). In the Forth and Alba 
Fields, extensive sandstone dykes and sills have 
been intruded into the Eocene muds above the 
main massive sandstone reservoirs (Alexander 
et al. 1993; Newton & Flanagan 1993). In some 
cases, these sandstone dykes are found to be 
oil-bearing. More recently Dixon et al. (1995) 
have recognized discordant sandstone intrusions 
on seismic data that have a lateral extent of 200- 
300 m. 

Recent sedimentary interpretation of the mas¬ 
sive sandstone bodies with mounded topography 
suggests that they are mass-flow deposits (slumps 
or debris flows) as opposed to sand-rich turbi- 
dites (Newman et al. 1993; Shanmugam et al. 
1995). A puzzling feature is the steep-sided 
slopes (up to 15°) on the sides of the mounds in 
both the Gryphon and Balder Fields. Such dips 
are considered too steep to be depositional in 
origin, even after accounting for compaction 
(Jenssen et al. 1993). Recent work on both the 
Gryphon and Balder Fields (Newman et al. 
1993; Jenssen et al. 1993; Rye-Larsen 1994), 


which benefits from new 3D seismic surveys 
acquired over the fields, recognizes the impor¬ 
tance of small-scale faulting in controlling the 
geometry of the sandstone mounds. Essentially, 
the workers on these fields concluded that the 
faults are the result of slumping. Jenssen et al. 
(1993) and Rye-Larsen (1994) consider that 
slump faults alone cannot account for the 
mounding observed in the Balder Field and sug¬ 
gest that some of the mound-like geometries can 
be attributed to remobilization and injection of 
sandstones from underlying low-relief turbidite 
sheet sands. More recently, Dixon et al. (1995) 
have concluded that post-depositional sandstone 
diapirism and intrusions of clastic dykes and sills 
associated with major gravity slide faulting are 
responsible for the reservoir geometries observed 
in the Forth and Gryphon Fields. 

Our studies of the polygonal fault systems 
imply that minor extensional faults form as 
part of the compactional dewatering process 
during early burial and we suggest that the 
faults recognized locally in the Eocene fields 
and attributed to gravity sliding or differential 
compaction are part of this wider polygonal 
system. The injection and soft-sediment defor¬ 
mation structures widespread in the Eocene 
sandstone bodies are all consistent with syn- 
sedimentary and early burial dewatering defor¬ 
mation. The patterns of sandstone dyke injection 
described by Alexander et al. (1993) for the Forth 
Field in particular are highly reminiscent of the 
complex polyhedral geometries of the faults 
described in this paper. Dyke injection requires 
elevated pore fluid pressures in order to fluidize 
the sand in the original reservoir unit, and to 
provide the pressure differential for upward 
flow (Jaffri 1993). Upward injection would 
exploit the weaknesses due to the presence of 
already formed extensional faults in the overly¬ 
ing mudstones. More direct evidence of the inter¬ 
relationship between the polygonal faults and 
final reservoir configurations is provided by a 
horizon slice through the Alba Field published 
by Newton & Flanagan (1993, Fig. 8). This illus¬ 
trates the close spatial relationships between the 
sandstone reservoirs and the polygonal fault 
pattern in the surrounding hemipelagic shales. 
In a number of places the edges of the Alba 
‘channel’ change strike and follow a polygon 
side, which implies that either the distribution 
of sandstones in the deep-water Eocene succes¬ 
sions was influenced by contemporaneous, 
near-surface faulting or that faults controlled 
the post-depositional modifications to the origi¬ 
nal sedimentary geometry. 

Soft-sediment deformation structures are 
often interpreted as having formed due to slope 
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instability, but we consider that dewatering and 
polygonal fault development could lead to a 
similar range of structures with identical charac¬ 
teristics in core samples. However, the exact role 
of the polygonal fault deformation system in 
controlling sand-body geometries requires 
further study. Syn-sedimentary faulting generat¬ 
ing an irregular sea-floor topography (Fig. 5B) 
may have exerted a primary control on the 
location of sand-rich mass-flow deposits. Alter¬ 
natively the effects of faulting may have been 
more pronounced during early burial by facili¬ 
tating remobilization and injection of existing 
sands, thus contributing to the isolated mound¬ 
like geometries typical of some Eocene fields. It 
is possible that in near-surface conditions of 
generally elevated pore fluid pressures, consider¬ 
able volumes of sand could have been fluidized, 
remobilized and injected as large sandstone sills 
(Jaffri 1993; Dixon et al 1995). Clearly, this 
possibility raises some interesting questions 
about final reservoir configurations. Whilst this 
is speculative at present, this type of process 
would help to explain the lack of intra- 
formational mudstones in the Eocene reservoir 
units, their lack of internal sedimentary 
structures, and the abundance of dewatering 
textures. It may also help to explain some of 
the more enigmatic aspects of the external form 
of the reservoirs, such as the steep flank dips, 
the limited erosion at the base of features 
described as channels and the isolated nature 
of many sand bodies with no intervening transi¬ 
tional facies. By recognizing the importance 
of dewatering phenomena, it may be that a 


reappraisal of traditional depositional models is 
now required. 

Migration of hydrocarbons and sealing 
potential of shales 

There is general consensus that the hydrocarbons 
in the Tertiary reservoirs are sourced from the 
Jurassic Kimmeridge Clay Formation (Barnard 
& Cooper 1981; Cornford 1990) which began to 
generate oil in the latest Cretaceous and earliest 
Tertiary in the centres of the Central and 
Viking Grabens (Cornford 1990). Oil sourced 
from the Upper Jurassic in isolated lensoid sand¬ 
stone bodies, sealed above and below by shales, 
has long posed a problem for the definition of a 
plausible migration route. Even more enigmatic 
is the presence of biodegraded oils in some 
apparently closed Tertiary reservoirs (e.g. 
Alba), which also requires groundwater carrying 
bacteria to have entered the reservoirs (Mason 
et al 1995). 

For some fields, such as Gryphon, located 
above Mesozoic tilted fault blocks, a vertical 
migration pathway through Mesozoic faults is 
generally assumed. The fracture system is then 
assumed to extend into the Tertiary rocks above 
the structural high in order to facilitate charging 
of the Tertiary reservoirs (e.g. Newman et al 
1993). For other fields, such as Forties, long¬ 
distance migration pathways have been proposed. 
First the oil migrates vertically via salt features in 
the Central Graben, and then, once it enters the 
distal facies of the Paleogene reservoir fan sands, 


Eocene-Oligocene 



Fig. 10. Hydrocarbons generated from the Kimmeridge Clay Formation in deep kitchens can migrate upwards via 
basin-bounding faults and salt structures. Once the hydrocarbons encounter the mudrock-dominated lower 
Tertiary successions, the pervasive system of polygonal faults and fractures facilitates migration into isolated 
reservoir sandstones. 
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it migrates laterally up-dip into traps (Cornford 
et al. 1986; Cayley 1987). 

The existence of an extensive network of syn- 
depositional and early-burial faults within the 
Lower Tertiary shale successions provides an 
alternative secondary migration pathway for 
charging the isolated Tertiary reservoirs. Once 
the oil migrated from the Jurassic kitchens 
through the Cretaceous by mainly sub-vertical 
pathways (via basin margin faults and salt 
structures) it could have encountered the perva¬ 
sive polygonal fault and fracture system in the 
mudrocks, allowing migration into isolated sand¬ 
stones (Fig. 10). Biodegraded oils may be the 
result of migration into leaky shallow traps 
where seawater was still present, or, as favoured 
by Mason et al. (1995), aquifers may have been 
recharged by meteoric waters during the Early 
Miocene when large areas of the Paleogene 
shelf were subaerially exposed. 

The fact that oil is found in Eocene sandstones 
means that at some point the fault and fracture 
network became impermeable and the shale 
sequences became mainly sealing. The model of 
fault genesis put forward by Cartwright & Lone- 
rgan (1996) proposes that faults were active 
during early burial when the shales were 
expelling large volumes of pore water. Once 
the shales compacted beyond a critical value, 
the faults ceased to be active and the vertical 
permeability of the shales was much reduced. 
Hence the lower Tertiary mudstone units have 
become better, tighter seals through time. 


Conclusions 

The chronostratigraphic studies of the Tertiary in 
the North Sea have clearly aided our understand¬ 
ing of how and when sand was supplied and trans¬ 
ported into the slope and basin environments 
during the lower Tertiary, but until recently 
subtle structural controls on the Tertiary plays 
have been considered to be of minor significance. 
In the Eocene (and possibly in the Paleocene), 
small-scale extensional faults organized in 
remarkable polygonal patterns were active during 
the deposition of the sediments. The role that such 
faulting played in influencing the locus of sand¬ 
stone bodies within the depositional environment, 
and the subsequent modification and remobiliza¬ 
tion of original reservoir configurations during 
early burial, has not been adequately considered 
in reservoir models published to date. 

The existence of a dense 3D fault network 
with extensional throws ranging from 10 to 
100 m may explain the compartmentalization of 
some Tertiary reservoirs discovered during field 


development. Given the density and pattern of 
faults observed on the seismic datasets studied 
so far, there is a high probability that any 
elongate reservoir sandstone bodies occurring 
within the mud-dominated slope and deep¬ 
water succession of the Eocene in the North 
Sea Basin will be faulted. 

The polygonal faulting is now seen to be an 
intrinsic product of water loss and compaction 
in the fine-grained mud-dominated sediments. 
The faults formed during the earliest phases of 
burial and acted as active dewatering conduits. 
They may also have been the migration pathways 
for the hydrocarbons that charged the isolated 
Tertiary sandstone reservoirs. 

We wish to thank Fina Exploration Ltd for financial 
support and permission to publish this paper, and an 
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Abstract: Based on three-dimensional (3D) seismic and core data, an analysis of fault 
geometry and fracture distribution related to a normal fault in the Brage Field, northern 
North Sea, has been achieved. The fault has a vertical throw of 200-300 m, and exhibits a 
steep ramp-flat-ramp geometry. Most of the deformation related to this fault is con¬ 
centrated within a narrow zone in the hangingwall. Both extensional and compressional 
antithetic structures have been identified. The most intensive fracturing is associated with 
areas of change in the fault plane orientation. Correspondingly, these areas represent 
locations where questions regarding sealing capacity arise. The complexity of the fault 
zone caused difficulties in an exact pick of the fault plane. Oriented cores from one of the 
production wells in the area include a continuous 120 m long interval across the fault zone 
itself. Detailed measurements of fracture and bedding orientations were carried out using 
an automated goniometer as well as manual measuring techniques. Biostratigraphic data 
show that two faults can be identified within the narrow fault zone, with the main displace¬ 
ment recorded across the upper one. Fracture orientations and fracture distribution pattern 
versus core depth indicate, however, that the deformation is associated with the lower fault. 
Based on the core material which exhibits an asymmetrical distribution of deformation in 
relation to the fault zone, an exact determination of the depth of the fault plane has been 
possible. It is concluded that the lower interval is the initial main fault. The largest slip 
has, however, been taken up across the upper interval, representing a hangingwall splay fault. 


Analysis of fractures and fracture distributions, 
their relation to larger structural elements and 
their textural characteristics, are well-documen¬ 
ted from outcrop studies (Harris et al 1960; 
Aydin 1978; Aydin & Johnson 1978, 1983; 
Jamison & Stearns 1982; Underhill & Woodcock 
1987; Koestler & Ehrman 1991; Hippier 1993; 
Antonellini et al 1994; Fowles & Burley 1994; 
Knott 1994). These studies show that there are 
differences in fracture characteristics in the 
footwall and hangingwall of faults. Such differ¬ 
ences are reflected in varying fracture orientation, 
fracture distribution, deformation products, and 
displacement distribution across a fault zone. 
Temporal local stress perturbation is also an 
important parameter, and may affect the geome¬ 
try of subsequently developing faults (Gamond 
1983; Mandl 1988; Rawnsley et al 1992). 

Similar conclusions have been reported from 
fault studies in offshore regions, where fault displa¬ 
cement, sand/shale ratio, clay-smear, height of 
hydrocarbon column, porosity, permeability, 
capillary pressure, and textural characteristics of 
fractures obtained from seismic, well data and 
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cores are used to predict sealing efficiency of 
faults (Smith 1980; Allan 1989; Bouvier et al 
1989; Harding & Tuminas 1989; Knipe 1992; 
Knott 1993; Anderson et al 1994; Gibson 1994; 
Berg & Avery 1995). In addition, numerous fault 
population studies (e.g. Walsh et al 1991; Gillespie 
et al 1992; Yielding et al 19926; Rives et al 1992) 
have been carried out in order to obtain a better 
understanding of the spatial and size distribution 
of sub-seismic fractures in a reservoir environment. 
Even so, clustering of different fracture types and 
the geometry of the deformed zone around a 
fault have to be known in order to evaluate defor¬ 
mation mechanisms and style, and their effect on 
sealing capacity. The geometry of the deformed 
zone (damage zone) associated with a fault, reflects 
the geometry of the fault and its orientation relative 
to local tectonic stresses. 

Topics addressed in this study are: (1) the 
deformation style across a cored major fault in 
the Brage Field, northern North Sea (Fig. 1); 
and (2) parameters influencing the sealing 
capacity of the fault. The analysis is based on 
three-dimensional (3D) seismic, well data and 
the unique opportunity of characterizing 
oriented cores through the fault zone. 

Fracture frequency, /, is in this study defined 
as the observed number of natural fractures per 
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Fig. 1. Location map of the Brage Field and main structural features. Marked are the location of the seismic 
sections, A-A', B-B' and C-C' presented in Fig. 2, and the well path of well 31/4-A-04. 


core metre. Based on examples given in the litera¬ 
ture (e.g. Harris et al. 1960; Ladeira & Price 1981; 
Jamison & Stearns 1982; Gabrielsen & Koestler 
1987; Huang & Angelier 1989; Gabrielsen & 
Aarland 1990, 1995; Narr & Suppe 1991), the 
following relationship seems to control fracture 
density and distribution in general: 

f(x) = (d,l,b,x,t,s) (1) 

where d represents depth of burial and consolida¬ 
tion stage of the deformed rock body, / refers to 
the effect of lithology and grain size, b is bed thick¬ 
ness, x is the distance to the nearest major fault, t 
refers to the effects of local stress patterns and the 
geometry and orientation of faults in the area 
investigated, and s is the sampling effect related 
to well orientation (according to Barton & 


Zoback (1990) and Peacock & Sanderson (1993)). 
The above relationship may account both for 
mode I, II and III fracture distributions. However, 
in this study only natural shear (and hybrid) frac¬ 
tures (mode II (and III)) have been identified. 
These fractures appear in the cores both as open 
and closed fractures, and may be generated in 
response to tectonic or non-tectonic processes. 

Location of the Brage Field and structural 
setting 

The Brage Field is located in the southwestern 
corner of Block 31/4, in the transition zone 
between the Horda Platform and the northern 
Viking Graben in the Norwegian Sector, northern 
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North Sea (see Fig. 1). Structurally, the eastern 
part of the field is characterized by an elongated 
dome with a NE-SW-trending axis, defining a 
trap in Bathonian-Oxfordian, bioturbated, off- 
shore siltstones and fine-grained sandstones of 
the Fensfjord Formation. To the west a narrow, 
NNE-SSW-trending horst contains oil-bearing 
Hettangian to lower Sinemurian fluvio-deltaic 
sandstones of the Statfjord Formation (Hage 
et al. 1987). Source rocks for the hydrocarbons 
in the Brage Field are predominantly the Upper 
Jurassic shales of the Draupne Formation. 

Three major NNE-SSW-trending faults have 
been identified in the study area (marked 
WBHF, EBHF and EGMF in Fig. 1) Several 
faults on the horst block are identified at the 
top of the Statfjord Formation. A minor 
westward-dipping fault (marked 3 in Fig. 1), 
with a normal throw of 10-15 m, is also detected 
on vertical siesmic profile (VSP) data along the 
well path. Of the boundary faults of the Brage 
Horst, the western Brage Horst fault (WBHF) 
has the largest normal throw (approximately 
600 m), whereas the eastern Brage Horst fault 
(EBHF), with a 200-250 m normal throw, dis¬ 
plays the most complex geometry and is the 
main target for this study. 

There is general agreement that the structures 
in the northern North Sea developed as a con¬ 
sequence of extensional tectonics. Regional 
studies indicate that some faults in the eastern 
part of the Viking Graben and on the Horda 
Platform were initiated during an early Permo- 
Triassic stretching event (Gabrielsen et al. 1990; 
Yielding et al 1992 a). Some of these early struc¬ 
tures have acted as zones with higher potential 
for reactivation during the subsequent tectonic 
phases. However, the majority of the structural 
elements, including the Brage Horst, were devel¬ 
oped during the late Jurassic-early Cretaceous 
stretching event and the subsequent thermal 
subsidence (Badley et ah 1984; Hage et al 1987; 
Badley et al. 1988). The rifting started after the 
deposition of the Brent Group, which is eroded 
on the Brage Horst. The Brage Horst can in 
general be described as a marginal platform 
high in a complex of regional structural elements 
(Gabrielsen 1986), where its orientation may be 
influenced by the orientation of the stresses 
during formation as well as pre-existing base¬ 
ment grain. 

The eastern Brage Horst fault and location 
of well 31/4-A-04 

The production well 31/4-A-04, drilled in Febru¬ 
ary 1993; is located in the middle part on the 


Brage Field (Fig. 1). The well plunges 30° 
towards the NW, across the eastern Brage 
Horst fault and enters the oil-bearing Statfjord 
Formation of the Brage Horst. The fault changes 
orientation along strike from a N-S trend in the 
south to a NE-SW trend in the north where the 
well penetrates the eastern Brage Horst fault 
(Fig. 1). A characteristic ramp-flat-ramp geo¬ 
metry of the fault has initiated various types of 
accommodation structures. This is seen on 
NW-SE-trending seismic lines running across 
the Brage Horst (Fig. 2). Most obvious are the 
drag effects and the concentration of synthetic 
and antithetic faults in the hangingwall (Fig. 3). 

Oriented cores were taken at two depth 
intervals. The upper 120 m interval includes the 
fault zone, which is dominated by heavily 
fractured rocks. The fault zone is limited by 
zones of calcite-filled fractures. The well did not 
penetrate the Brent Group in the hangingwall 
which was one of the main targets for this well, 
intending to sample sandstones of the Brent 
Group juxtaposed against sandstones of the 
Statfjord Formation in the footwall of the fault. 
Instead the cores of the upper interval embody 
the lowermost part of the lower Fensfjord For¬ 
mation, the silty claystones of the lower Heather 
Formation, Drake/Cook Formations (located in 
the fault zone) and the uppermost part of the 
Amundsen Formation. A detailed biostrati- 
graphic analysis was carried out in this upper 
cored interval (Fig. 4). Based on the biostrati- 
graphic analysis a vertical section of 100-150 m 
is shown to be faulted out in an upper 20 cm 
thick zone which embodies calcite-filled fractures. 
Additionally, 50 m is faulted out across a lower 
80 cm thick zone of calcite-filled fractures in a 
calcite-cemented matrix. The upper zone 
corresponds to fault 2 and the lower zone 
corresponds to fault 1, as shown in Fig. lc and 
Fig. 4. 

The lower interval of 180 core metres was 
cored to better describe the Statfjord Formation 
reservoir within the Brage Horst. Different seg¬ 
ments (A-F) in the cored intervals have been 
defined with reference to deformation intensity 
and style (see Fig. 4). Core segments E and F 
are situated in the lower cored interval. 

The eastern Brage Horst fault separates water¬ 
bearing sandstones within the Brent Group in the 
hangingwall from oil-bearing sandstones of the 
underlying Statfjord Formation in the footwall 
(see Fig. lc). Across the fault, a pressure differ¬ 
ence of approximately 7 bars has been recorded. 
Questions arise concerning the sealing capacity 
of the fault, since sandstone is juxtaposed against 
sandstone across the fault. However, the thick 
shaly Dunlin Group overlain by the Brent 
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Fig. 2. (a)-(c) Seismic sections (for locations see Fig. 1) across the investigated area illustrating the steep ramp- 
flat-ramp geometry of the eastern Brage Horst fault. 
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Fig. 2 (c). 


Group, and the shaly and silty Heather Forma¬ 
tion which locally is onlapping the Brent 
Group, may provide clay-smearing along the 
fault plane. An increased sealing capacity 
across the fault in the level where sand/sand 


juxtaposition exists would then be expected. As 
indicated in the strike projection along the 
eastern Brage Horst fault (Fig. 5), the degree of 
sand/sand overlap varies along the strike of the 
fault. Some areas along the fault plane have no 
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Fig. 3. Classification of hangingwall accommodation faults based on the interpretation of the 3D reflection seismic 
data. 
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Fig. 4. Lithostratigraphy in the upper cored interval of well 31/4-A-04. (1) and (2) refers to the lower and upper zones where faults are identified based on the 
biostratigraphical analysis. The columns to the right shows a sedimentary log and fracture distribution in the cores. The cored intervals are divided into different segments, 
A-F. Not shown here are the remaining part of segment E and segment F in the lower cored level. Note the different zones of bedding throughout the upper cored interval 
(mean bed orientations in each zone are listed). To the far right is shown a fracture frequency plot versus the core depth for both the two cored intervals. 
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Fig. 5. Fault plane section of the eastern Brage Horst fault showing the water-bearing Brent Group in the 
hangingwall juxtaposed against the oil-bearing Statfjord Formation in the footwall. The dark zones marks the 
areas of possible communication across the fault. The arrow indicates the location of a hangingwall fault, affecting 
the Brent Group. 


sand/sand juxtaposition, whereas others have a 
high degree of overlap. These critical areas may 
be affected by other parameters which influence 
sealing capacity, such as fault geometry, splay 
faults and fracture distribution. The investigated 
cores from well 31/4-A-04 were taken immedi¬ 
ately above one of the areas with a high degree 
of sand/sand juxtaposition. This means that it 
was not possible to investigate sand/sand rela¬ 
tionships in the cores. However, the effects of 
fault geometry and fracture distribution pattern 
could be studied in detail. 


Orienting the core 

The detailed structural description and inter¬ 
pretation of the core material in this study largely 
follows the procedures recommended by Nelson 
(1985). In this study, only natural fractures have 
been used in the analyses. The criteria used to 
identify natural and induced fractures are given 
in Arthur et al (1980), Nelson (1985), Gabrielsen 
& Koestler (1987), Kulander et al (1990) and 
Ozkanli & Standen (1993). Bedding, fracture 
orientations and lineations have been measured 
manually throughout the cored intervals. In addi¬ 
tion, an automated goniometer has been used to 
achieve more accurate measurements of bedding 
and fracture orientations in core segments B-D. 

Cores have been oriented by applying an 
orientation system situated in the inner barrel 
combined with a magnetic, time-dependent 
multishot survey instrument. The cores are 
grooved by three knifes, where the orientation 


of the main knife, knife 1, is used as a reference 
groove with respect to the topside of the hole 
(Fig. 6). In situ measurements can be obtained 
manually or from a computer-controlled elec¬ 
tronic device. To use this equipment the scribe 
marks during coring and the ‘way-up’ direction 
must be clearly defined. The automated goni¬ 
ometer links the acquired bench orientations 
for the core samples with the survey information 
(well-path orientation, depth values and refer¬ 
ence groove azimuth). Routines to categorize 
orientations and display their statistics graphi¬ 
cally are included in the program. 



Fig. 6. Reference grooves on cores used for oriented 
measurement. The angles between each groove may 
vary from one drilling company to another. 
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Fig. 7. Calcite-filled fractures, (a) Upper zone (marked 2 in previous figures) with calcite-filled fractures, (b) Lower 
zone (marked 1 in previous figures) with calcite-filled fractures is totally intersected by the thin fractures and is 
associated with calcite cemented matrix of the host rock. Core diameter is 11 cm. 


Orientational measurements on cores are 
connected with many uncertainties. Assuming 
that initial core-orientation data are of reason¬ 
ably good quality and that all measurements 
are executed as precisely as possible, an uncer¬ 
tainty of ±11° may still be associated with the 
final results derived from manual measurements 
(Nelson et al. 1987). The largest error (±5°) 
arises from the coring and surveying procedure. 
An uncertainty estimated to approximately ±3° 
is connected with the analyst him-/herself, with 
regard to different individual measuring tech¬ 
niques and levels of accuracy. The uncertainty 
related to the measuring equipment is thought 
to be ±1° (Nelson et al. 1987). By careful evalu¬ 
ation of the scribe marks in each core metre, 
and comparing these with the data in the core¬ 
orientation report, one should be able to reduce 
the measuring error by approximately 5°. In 
addition, the use of an automated goniometer 
may further reduce the errors in the measure¬ 
ments by 2-3°. The final uncertainty related to 
automated measurements of the orientation of 
individual planes or lineations in the core 
material in this study has thus been minimized 
to as little as approximately ±4°. 


Structural description of the cores 

In the cores investigated in the present study the 
dominating fracture type is the shear (mode II) 
fracture. Natural mode I fractures are very 
rare. The shear fractures appear in the cores as 
both open and closed. It is thought that the 
open fractures have opened as a result of unload¬ 
ing. Two main classes of shear fractures have 
been identified, namely fractures related to 
tectonic processes and fractures related to non- 
tectonic processes. As shown in Fig. 4, the 
cores can be divided into different segments 
according to deformation intensity. Segment A 
has only a minor number of fractures, which 
are located in the lowermost part in relation to 
the upper mineralized zone. Bedding is sub¬ 
horizontal in segment A. The most heavily 
fractured interval is restricted to segment B. 
Deformation density seems to increase to the 
lower mineralized zone which is located at the 
base of segment B. Within this core segment, 
bedding dip increases and becomes sub-vertical 
towards the lower mineralized zone. Segment C 
is characterized by a small number of fractures 
located in the upper part of the core segment, 
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and bedding is sub-horizontal. Segment D con¬ 
tains a fracture swarm in its middle part, and 
bedding is sub-horizontal. No deformation is 
seen in segment E. Segment F has an interval 
which is characterized by soft-sedimentary 
deformation within the Statfjord Formation. 
Bedding is in general sub-horizontal in both 
segments E and F. In the following, all descrip¬ 
tions will refer to this sub-division. 


Fractures related to tectonic processes 

Based on their appearance in the cores, the 
tectonic fractures can be divided into three sub¬ 
groups: calcite-filled fractures, closed and open 
fractures. 

The calcite-filled fractures are restricted to seg¬ 
ment B, which is bounded on its upper side by a 
20 cm thick zone of calcite-filled fractures, and an 
80 cm thick zone with calcite-filled fractures in 
a calcite-cemented matrix on its lower side 
(Fig. 7). In the upper zone more than ten 
fractures with calcite infilling are situated in a 
mudstone sequence interlaminated with silt- 
stones. On its lower side this 20 cm thick zone 


is cut by an open fracture with well-developed 
slickensides, which could represent a fault plane 
that has taken up the 150 m missing section 
determined from the bio stratigraphic analysis. 
Mean fracture aperture of the calcite-filled 
fractures is >5 mm, and these fractures have a 
curviplanar geometry (Fig. 7a). In the lower 
zone of calcite-filled fractures, the fractures 
occur in a massive, calcite-cemented siltstone 
interval. The cemented interval is totally inter¬ 
sected by the calcite-filled fractures, giving 
more than 40 fractures in this 80 cm thick inter¬ 
val (Fig. 7b). It has not been possible to measure 
throw across individual mineralized fractures. 
Both above and beneath this mineralized and 
cemented interval, 10 cm thick intervals of totally 
fragmented material are located. Based on the 
core description it is not possible to resolve 
whether they represent faults or not. Mean 
fracture aperture of the calcite-filled fractures is 
here <lmm, and the fractures display very 
irregular geometries. 

The majority of the closed fractures are 
concentrated in segment B, above the lower 
zone of calcite-filled fractures (Fig. 8). Another 
interval of closed fractures is identified in 



Fig. 8. Overview of segment B, which embodies the lower zone of mineralized fractures (m). The upper interval (2) 
is located in the cores just to the left, outside this picture. Both fragmented zones (fz), open (o) and closed (c) 
fractures can be seen. Note the increased fragmentation where intersection of larger fractures occurs (i). Core 
diameter is 11 cm. 
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Fig. 9. Close-up of a core interval with predominantly closed fractures. Core diameter is 11 cm. The location of the 
thin section to the right is marked. As shown in the thin section photo, well-developed drag (reorientation of platy 
mineral grains) is developed across these fractures. Throw across the microfault is 2 mm. 


segment D, where a fracture swarm with 35 indi¬ 
vidual closed fractures is bounded by open frac¬ 
tures. For all the closed fractures, fracture zone 
thicknesses are generally <lmm. The fractures 
show planar and curved geometries with well- 
developed normal drag, due to reorientation of 
platy mineral grains towards the fracture 
surfaces (Fig. 9). Displacement across individual 
fractures is of the order of 1-30 mm. 

Open fractures are found both as single frac¬ 
tures and as clusters in fragmented zones. A frag¬ 
mented zone is in the present work associated 
with a core interval where the fracture density 
and frequency are extremely high (more than 
30 fractures across a 10 cm interval). Based on 
the macro- and microscopic appearance, open 
fractures can be regarded as originally closed 
fractures which have opened during unloading. 
A pronounced concentration of open fractures 
is identified in segment B, with increasing 
frequency towards the lower interval with 
calcite-filled fractures (see Fig. 8). In segment 
C, an abrupt decrease in the number of open 
fractures is seen. Fragmented zones seem to 
dominate in the most fine-grained lithologies, 
and where fractures of different orientations 


intersect (as shown in Fig. 8). As well as the clus¬ 
tering of open fractures in segment B, another 
concentration is seen in segment D. The open 
fractures have well-developed planar to undulat¬ 
ing slickensided surfaces (Fig. 10). Morphology, 
lineation density and orientation seem to vary 
both on individual fracture surfaces and in 
response to varying fracture geometry. The 
measured displacement across individual single 
open fractures ranges from 0.5 to 10 cm. 

Bedding-parallel fractures are evenly distri¬ 
buted throughout the 300 m of core, but a small 
clustering of these fractures is seen in segment 
B. In general these fractures show poor develop¬ 
ment of slickensided surfaces. However, in 
segment B, some of the open fractures have 
well-developed slickensides and lineations on 
the fracture surfaces. These fractures should 
thus be regarded as tectonic open fractures. 


Fractures related to non-tectonic processes 

In segment F, in the lower cored interval, both 
folds and fractures (some with reverse offsets) 
have been identified. This highly deformed zone 
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Fig. 10. Open fracture with well-developed 
slickensides. Note the different lineations orientations 
on the composite fracture surface. Core diameter is 
11 cm. 


is found in association with folded coal frag¬ 
ments and unsystematic laminations. Together 
with dish structures and other indicators of 
water-escape, these folds and fractures seem to 
be initiated by soft-sedimentary deformation 
during compactional processes. In addition, 
these soft-sedimentary features are not asso¬ 
ciated with any identified faults, either in the 
cores or in the seismic data. These structures 
are here regarded as non-tectonic. The fractures 
in segment F are therefore not included in the 
fracture orientation plots since their orientation 
has no relevance for the interpretation of the 
tectonic structures. 


Fracture distribution 

All natural fractures have been counted and 
plotted versus core depth (Fig. 11). A total of 
361 fractures have been registered in the 300 m 
of core. Not included are the fractures in the 
fragmented zones. As indicated in the fracture 
log (Fig. 4), the majority of fractures and frag¬ 
mented zones are located in segment B, which 
is bounded by the two zones of calcite-filled 
fractures. The upper zone is correlated with 
fault 2 and the lower one corresponds to fault 1 
in Figs 1 and 4. 

No fractures are found in core segment A. The 
first fractures are located immediately above the 
upper zone of calcite-filled fractures in segment 
B. Moving downwards to the lower zone of 
calcite-filled fractures, an increase in the fracture 
intensity is observed. A corresponding increase 



Fig. 11. Fracture distribution versus core depth (all 
natural fracture types are included in the diagrams). 
Shown enlarged is the fracture distribution in segments 
B-D. (1) and (2) refer to the location of the lower and 
upper zones with calcite-filled fractures, whereas (3) 
corresponds to the predicted depth of the minor 
footwall fault shown in Fig. 1. 

in fragmented zones is also seen towards this 
zone. No systematic or symmetric decrease in 
fracture frequency below the lower zone of 
mineralized fractures is recognized. This implies 
an asymmetrical fracture distribution across 
fault 1, which corresponds to the lower minera¬ 
lized zone. 

In segment D, another interval with high 
fracture intensity is seen. This interval does not 
seems to be directly associated with the fault 
zone above, and could represent a minor fault 
in the footwall of the eastern Brage Horst 
fault. This interval is comparable with the 
location of a westward-dipping fault with 5- 
15 m offset (marked 3 in Fig. 1), detected on the 
VSP data. 


Bedding orientations 

Bedding orientations were measured throughout 
the entire cored interval, except where reference 
grooves are absent. Based on the variations in 
strike and dip with depth, various zones with 
different bedding orientations have been identi¬ 
fied (see Fig. 4). 

A clear break in dip of bedding is identified 
between segment B and C, which coincides with 
the lower zone of mineralized fractures (fault 1) 
(Fig. 12). The general trend in the hangingwall 
(segments A and B) is that bedding steepens 
towards the fault, dips towards the east and 
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Fig. 12. Distribution of bedding orientations throughout the entire cored intervals, (a) Strike distribution diagram, 
and (b) dip distribution diagram versus core depth indicate an increasing drag in the hangingwall towards fault 1. 
Measurements in the footwall are sub-horizontal. 


becomes parallel to the fault. In segments C and 
D in the footwall of fault 1, bedding is 
sub-horizontal. This implies an asymmetrical 
distribution of bedding orientations across fault 
1, with well-developed normal drag in the hang¬ 
ingwall and no drag in the footwall. It should be 
noted that no variations in bedding measure¬ 
ments are observed across faults 2 and 3. 


Fracture orientations 

Based on the 3D seismic interpretation, the 
orientation of the eastern Brage Horst fault, 
where the well intersects the fault, is 020/65 E. 
The mean orientation of the splay faults in the 
hangingwall of the eastern Brage Horst fault is 
035/75 E. The fault (marked 3 in Fig. lc) in the 
footwall of the eastern Brage Horst fault has an 
orientation of 185/40 W. This orientation is also 
derived from 3D seismic interpretation. 

Automated measurements of fracture orienta¬ 
tions have been performed in segment B-E, and 
cover structures in both the hangingwall and 
footwall of fault 1. Owing to the absence of 
fractures in segment A, which corresponds to 
the hangingwall of fault 2, no variations across 
this fault have been recognized. A total of 92 
fractures were measured with the automated 
goniometer equipment. Even though the data 
show some scattering, a clustering around four 
intervals has been identified: 25-35°, 40-50°, 
65-75°, and 80-90° (Fig. 13a). Data on fracture 


strike also display clustering of fractures in 
minor domains (Fig. 13b). However, these dia¬ 
grams report nothing about the distributional 
pattern throughout the measured core intervals. 

Data on fracture orientation have been plotted 
versus core depth (Fig. 14), to get a better picture 
of the spatial distribution of fracture orientation 
across fault 1. In this fracture scatter diagram, 
each fracture is represented by a point on both 
the strike and dip distribution plot. The strike 
distribution diagram (Fig. 14a) shows that a pro¬ 
minent change in fracture orientation occurs 
between segments B and C. Fractures in segment 
B, corresponding to the hangingwall of fault 1, 
seem to display some clustering in certain 
intervals. This is confirmed by a statistical 
uniformity test which demonstrates that three 
sub-populations exist: 030-050°, 070-100° and 
180-230°, regarding fracture strike distribution 
in the hangingwall of fault 1 exists (Fig. 15). 
On the other hand, measurements in the footwall 
(segment C-E), display a clear concentration of 
fractures trending north-south (320-050°). A 
corresponding shift in the fracture dip distri¬ 
bution occurs between segments B and C 
(Fig. 14b). Fractures in the hangingwall of fault 
1 (segment B) are predominantly steeply dipping 
(60-90°), whereas dips of fractures in the foot¬ 
wall are more moderate (30-60°). 

The majority of the measured slickenside 
lineations on the fracture surfaces suggests exten- 
sional dip-slip movements. However, some frac¬ 
ture surfaces display strike-slip left-lateral and 
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Fig. 13. Fracture orientations in segments B-E (n = 92). (a) Dip histogram, and (b) strike histogram. 
Measurements are derived from the computerized device. 


right-lateral movements. A zonation of lineation 
directions can be seen versus depth (Table 1). 
In general, the slip measurements display 
predominately strike-slip and oblique-slip in seg¬ 
ment B, whereas dip-slip is recorded in segments 
C-E. 


Effect of well orientation on recorded 
fracture distributions and orientations 

Both the azimuth and the inclination of the well 
may lead to an under-representation of fracture 
strike and dip frequencies in certain intervals. 


Strike u\ Dip angle 
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Fig. 14. Distribution of fracture orientations (n = 97) versus core depth measured in segments B-E. (a) Strike 
variation, and (b) dip variation. 







222 


R. K. AARLAND & J. SKJERVEN 


(i/n) 



Fig. 15. Uniformity test (Keuper’s test) of fracture 
orientations measured in segment B, situated in the 
hangingwall of fault 1 (corresponds to the footwall of 
fault 2). The test showed preferred orientations. 
Arrows indicate max. and min. deviations from 
uniform distribution. 

This means that any fractures striking sub¬ 
parallel (120-130° and 300-310°) to the well, 
will tend to be under-represented in the current 
dataset. At the same time, any fractures dipping 
parallel to the well path (25-35°) will be under¬ 
represented. A correlation has been made 
between these orientation intervals with assumed 
under-representation, and the fracture distri¬ 
bution diagrams generated. No clear correlation 
can be seen in the dip distribution plot. Con¬ 
cerning strike distribution, the expected low 
fracture frequency correlates with intervals of 
low fracture frequency in the presented strike 
distribution diagrams. This does not imply that 
fractures with these orientations are not present 
in the area, it simply illustrates that these 


Table 1. Zonations versus core depth of Uneation 
measurements on fracture surfaces based on the sense 
of slip 


Segment 

Depth 
(core m.) 

Sense of slip 

Zone 

A 

53.50-56.05 

mainly oblique-/ 
strike-slip 

I 


56.05-58.20 

oblique-slip with 
strike- and dip-slip 

II 

B 

58.20-60.55 

mainly dip-slip 

III 


63.80-64.30 

dip-slip 

IV 


64.80-66.90 

dip-slip 

V 

C 

67.10-73.10 

mainly dip-slip 
some oblique-slip 

VI 

D 

73.30-102.60 

dip-slip 

VII 


fractures do not intersect the well path. Never¬ 
theless, the distribution of fracture orientation 
versus depth still displays a clear difference 
between the orientation of fractures in the foot- 
wall and hangingwall of fault 1. 


Discussion 

One question that arises in comparing the struc¬ 
tural logging with the biostratigraphic analysis, is 
whether or not the highly fractured and frag¬ 
mented interval is located in the hangingwall or 
the footwall of the eastern Brage Horst fault. 
Alternatively, the whole fractured interval 
could lie within a fault zone bounded by the 
main slip surfaces. Another question is whether 
or not the massive, mineralized/cemented inter¬ 
val (at the base of segment B) represents the 
mineralized central part of a fault zone, as sug¬ 
gested by Gabrielsen & Aarland (1990), or 
whether it represents a cemented zone in the foot¬ 
wall of the eastern Brage Horst fault. 


Style of deformation 

Data on fault zone thickness versus fault throw 
given in the literature (Smith 1980; Evans 1990; 
Knott 1993, 1994) have suggested that a linear 
relationship exists between these parameters, 
where, for instance a displacement of 100 m 
should be associated with a 10 m wide fault 
zone. Other studies (Knipe 1992; Berg & Avery 
1995; Gabrielsen & Aarland 1995) have proposed 
that parameters such as lithology, irregularities 
along fault planes and local stresses may influence 
the fault zone thickness, fault geometry and 
sealing capacity more than the fault throw does. 
The present study seems to support these 
observations. Across fault 2, a 20 cm core interval 
of calcite-filled fractures has accommodated a 
normal throw of 100-150m. Across fault 1, 
50 m of normal throw is registered and the 
associated deformation is distributed over 20 
core metres, mainly in the hangingwall. This 
indicates an asymmetric fracture distribution 
across the lower fault zone, with a higher degree 
of hangingwall deformation. Additional obser¬ 
vations are drawn from bedding orientations 
(Fig. 12), where an asymmetric hangingwall 
normal drag is associated with the lower fault. 
A transition zone, which coincides with fault 1, 
is located between segment B (easterly, steeply 
dipping bedding) and segment C (sub-horizontal 
bedding). 

Changes in fracture orientations, fracture 
distribution, and varying slip indicators from 
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lineation measurements are seen across the lower 
zone of mineralized fractures associated with 
fault 1 (Table 1, Figs 13 and 14). A clear break 
in dip and strike of fractures is recorded between 
segments B and C. However, sense of slip, as seen 
from the slickensides on fracture planes, shows 
no abrupt change across this zone. Measure¬ 
ments taken in the adjacent areas above and 
below (zones III and IV, Table 1) indicate pure 
dip-slip movement on the fracture surfaces. The 
most prominent anomaly in the orientation of 
the slickenside lineations is seen in the uppermost 
part of segment B. Here the kinematic indicators 
show mainly oblique-slip and strike-slip move¬ 
ment on the fracture surfaces. These measure¬ 
ments are taken in the footwall just below the 
upper fault (2), which has a slightly oblique 
orientation relative to fault 1 based on the 3D 
seimic interpretation. If fault 2 has been formed 
after the initiation of fault, reactivation of some 
of the early-formed fractures in the hangingwall 
of fault 1 is expected. This may have generated 
secondary movement along some of these frac¬ 
tures, resulting in oblique-slip and strike-slip 
indicators on these fracture surfaces, as well as 
enhanced strain in response to movements 
along fault 2. In their analysis of fractures in 
the Rhine Graben, Dezayes et al (1995) demon¬ 
strate similar evolution of the lineation pattern 
and orientation on the fracture surfaces. They 
suggest that multiple fault slip reactivates earlier 
fracture systems, and erases the initial slickenside 
lineations. Both Burgman & Pollard (1994) and 
Cashman & Ellis (1994) report analogue con¬ 
clusions based on fault interaction studies. 


Deformation mechanisms 

The 3D seismic interpretation of the eastern 
Brage Horst fault has documented that the 
fault has associated hangingwall splay faults. It 
is also seen that the fault changes orientation 
where the well intersects the fault (Fig. 3). 
These observations are in accordance with a 
model in which the measured oblique-slip and 
strike-slip slickenside lineations on the fracture 
surfaces (Table 1) are explained as a function of 
localized lateral movements along fractures 
with an unfavourable orientation relative to the 
stretching axis. This is further supported by the 
measured fracture orientations which exhibit a 
wide range of values between the two faults (1 
and 2), and a more consistent orientation of the 
fractures in the footwall of fault 1. This is in 
accordance with an E-W orientation of the 
least regional principal stress axis during the 
formation of fractures associated with the initial 


movements along the eastern Brage Horst fault 
in the Late Jurassic. 

The present study has documented differences 
in the fracture dip distribution versus depth 
(Fig. 14b). The differences in dip values of frac¬ 
tures in the hangingwall and footwall of fault 1 
may be explained by the combination of litholo¬ 
gical contrasts and the initiation of steep faults in 
the hangingwall as a response to the ramp-flat- 
ramp geometry of the eastern Brage Horst fault. 
Additionally, the dip of the fractures in the 
footwall of fault 1 could be affected to a higher 
degree by later compaction, which would help 
to explain the observed low to moderate dip 
values of these fractures. However, differential 
compaction would only be a minor contributor 
and could by itself never explain the observed 
dip changes in the fault geometry. 

Stress perturbation across the fault plane is 
likely to occur due to the geometry of the fault. 
This is caused by later post-depositional rotation 
of a hangingwall block on a pre-existing fault 
with a listric geometry, like the upper ramp- 
flat part of the eastern Brage Horst fault 
(Fig. 16). Local reverse faulting in the upper 
part of the hangingwall of fault 1 has been 
identified in the 3D seismic reflection dataset 
(Fig. 3). Locally changing stresses which give 
local variations in fracture orientations have 
previously been reported both in nature and in 
experimental studies (Weber et al 1978; Raw- 
nsley et al 1992; Yassir & Bell 1995). This 
stress rotation and redistribution generates 
fractures with different orientations in the 
hangingwall and footwall, and will also affect 
the fracture distribution pattern (Odonne 1990). 
A similar evolution of fracture initiation and 
distribution, based on analogue modelling, is 
described by Withjack et al. (1995), where fault 
shape is the main parameter responsible for the 
observed fracture pattern in the hangingwall. 
Koestler & Ehrman (1991) also show that 
dilatation jags along the fault plane enhance 
the clustering of fractures, where increased 
cementation and stress perturbation could be 
expected (Knipe 1992). Based on a stress inver¬ 
sion approach, Pollard et al (1993) demon¬ 
strated that slip directions on faults are 
strongly influenced by local factors, such as 
fault interactions. Similar observations were 
made in the studies of Burgmann & Pollard 
(1994) and Cashman & Ellis (1994). The data 
presented on fracture orientation and slip direc¬ 
tion from fractures in well 31/4-A-04 illustrate 
comparable relationships. 

Such relations between fault geometry, local 
stresses, fracture distribution and orientation 
can be used to predict other highly deformed 
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Fig. 16. Schematic model showing effects of stress 
perturbation across a fault with changing dip geometry, 
during post-depositional hangingwall block rotation. 
No scale is added to the model, but it could represent a 
situation as described for the eastern Brage Horst fault. 
An overlap in (b) induce volume problems and implies 
localized compression in the upper concave part of the 
fault. This will produce additional horizontal stress 
concentration, and give rise to localized bending of 
strata and/or reverse faulting in the upper part of the 
hangingwall, and synthetic normal splay faults in the 
transition above the flat-ramp segments in the middle- 
lower part of the hangingwall (c). 


areas and their distribution along the fault, in 
order to evaluate regions that are more critical 
than others regarding sealing capacity. This 
depends on the model applied for the geometry 
of the fractured region (damage zone), and a 
knowledge of where the investigated sample 
line is located in such a scheme. 


Model for the development of the eastern 
Brage Horst fault 

Based on observations from cores and 3D seis¬ 
mic reflection data, a model for the development 
of the identified structures from the tectonic core 
description may be suggested (Fig. 17). 

(1) Water-escape processes in some flat-lying 
sandstone layers during a pre-lithifaction 
stage of the Statfjord Formation in the 
Early Jurassic. Resulting deformation is 
expressed as folds, closed fractures and 
dish structures. This is comparable to the 
non-fault-related deformation described 
by Owen (1987) and Zanchi (1991). 

(2) Initiation of eastern Brage Horst fault (fault 
1) in Bathonian-Callovian. Deformation 
associated with fault 1 include hangingwall 
normal drag, with intense fracturing in 
the hangingwall. Correspondingly few frac¬ 
tures in the footwall of the fault create an 
asymmetrical fracture distribution across 
the fault. The 80 cm thick interval with 
calcite-filled fractures and cemented 
matrix located in the central part of the 
fault zone indicates that the fault acted as 
a conduit for fluids. This probably occurred 
during the initial movements along the 
fault, in a semi-lithified stage of the sedi¬ 
ments. The characteristic ramp-flat-ramp 
geometry of the fault, as identified on the 
seismic reflection data, may explain the 
observed differences in fracture intensity 
and style of deformation in the footwall 
and hangingwall of fault 1. 

(3) Ongoing stretching with a higher degree of 
vertical movements due to the transition 
to thermal subsidence in Ryazian favoured 
dip-slip movements along the eastern 
Brage Horst fault. This caused localized 
areas of compression, and areas with a 
higher potential for splay faults and 
increased fracturing in the hangingwall. 
The initiation of the upper fault (2) may 
have occurred at this time. Fault 3 may 
have been formed subsequently as an 
antithetic accommodation structure in the 
footwall of the eastern Brage Horst fault, 
or fault 3 could represent an older fault 
cut by fault 1. 

(4) The subsequent evolution of fault 2 may be 
explained as follows. It is assumed that 
fault 1 had an unfavourable orientation 
and geometry in relation to the orientation 
of the local stress regime. Further move¬ 
ment along this fault became mechanically 
difficult. The upper part of the eastern 
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Fig. 17. Schematic model of the structural evolution of the eastern Brage Horst fault in a sub-regional framework. 
The western and eastern Brage Horst faults are marked WBHF and EBHF respectively. EGMF represent the 
eastern graben margin fault in the Brage Field. A, B, C and D refer to top of the Shetland Group, top of the 
Fensfjord Formation, top of the Brent Group and top of the Statfjord Formation respectively. 


Brage Horst fault was no longer able to 
accommodate further movement, and 
became inactive. The main movement was 
then taken up by the upper fault (2) at this 
level. No deformation structures have 
been observed in the hangingwall of fault 
2. Only an approximately 20 cm thick inter¬ 
val with calcite-filled fractures, which is 
interpreted as the central part of the fault, 
has been identified. This could imply that 
a strain-hardening effect occurred in the 
hangingwall due to the earlier deformation 
associated with the movements along fault 
1. The upper fault (2) was generated in a 
transition zone with strain-softening, and 
acted as a hangingwall splay fault which 
initiated from the transition in the flat- 
ramp part of the eastern Brage Horst 


fault. The fault is easterly dipping, relatively 
steep and planar. In the upper sedimentary 
sequence (post-Brent Group) it acted as the 
main fault during continued stretching. 


The macroscopic appearance, and the orienta¬ 
tion and distribution of the fractures identified 
in the cores indicate that dissimilar fracture 
types have been identified. The open fractures 
with well-developed slickensides are dominant, 
but both closed fractures and calcite-filled frac¬ 
tures are well-represented. In the literature 
numerous descriptions of the microscopic prop¬ 
erties of various fracture types can be found 
(Dunn et al 1973; Mandl et al 1977; Aydin 


Sealing properties 
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1978; Pittman 1981; Gabrielsen & Koestler 1987; 
Groshong 1988; Gabrielsen & Aarland 1990; 
Knipe 1992; Sverdrup & Bjorlykke 1992; Gab¬ 
rielsen et al 1993; Hippier 1993; Antonellini & 
Aydin 1994; Antonellini et al 1994; Fowles & 
Burley 1994; Gibson 1994). These studies show 
that mode II fractures (shear fractures, micro¬ 
faults, deformation bands, granulation seams 
or shear bands) are commonly characterized by 
internal compaction, grain size reduction and 
mineralization, and usually give a reduction in 
the permeability perpendicular to the fractures. 
The permeability parallel to a fracture will, on 
the other hand, be increased if the fracture is 
open and has well-developed slickensides. 
Lithology will also be an important parameter 
for the permeability estimation and sealing 
capacity, since different lithologies engender 
different textural characteristics of fractures. In 
this study it was found that fractures in the 
shaly units are typically open, whereas fractures 
in silty units are more commonly closed. This 
difference may depend on the initial clay and 
mica content in the deforming sediment. A 
more sediment will tend to develop more closed 
fractures than a more clay-rich sediment, where 
‘lubrication’ of clays and micas will favour 
opening of the fracture during later unloading. 
This means that the fractures are not open at 
depth. Thin-section studies of the cores of well 
31/4-A-04 show that both the open and closed 
fractures have a high degree of reorientation of 
clays and micas into the fracture surface, weak 
cataclasis and no mineralization or cementation. 

The sealing capacity of the eastern Brage 
Horst fault will depend on the degree of juxta¬ 
position between the sand bodies across the 
fault, the fracture pattern expressed as increased 
deformation towards the lower mineralized fault 
(2), and the stability of the mineralized intervals 
observed in well 31/4-A-04. It is reasonable to 
predict a high sealing capacity across the fault 
if the remaining part of the fault plane has 
developed a similar cemented central part as 
found across fault 1. The stability of cement 
seals is dependent on the surrounding fault 
array evolution (Knipe 1992). The movement 
along fault 1 is thought to be restricted to the 
post-cementation stage, and stability of the seal 
is accordingly attained. The difference in thick¬ 
ness of the two intervals of mineralized fractures 
can be explained as a function of temporal fault 
movement, dilatation magnitude and strain¬ 
hardening. In the lower interval of 80 cm, the 
calcite-filled fractures are situated in cemented 
rocks. According to Knipe (1992), this may be 
described as a composite seal with border zone 
seals and internal fault zone seals. However, 


since the underlying fragmented zone seen in 
the core could represent the fault plane of fault 
1, the lower cemented interval with the minera¬ 
lized fractures is interpreted as a central fault 
zone. Within this fault zone, pre-existing frac¬ 
tures were filled by dissolved calcium and the 
surrounding sediment was affected and cemented 
by the fluid flow in the hangingwall of the fault. 

Anderson et al. (1994) have reported several 
sub-vertical fractures in the hangingwall of a 
major growth fault in the Gulf of Mexico, and 
concluded that these fractures could have acted 
as conduits for hydrocarbons. The observed 
high frequency of high-angled to sub-vertical frac¬ 
tures with well-developed slickensides in the hang¬ 
ingwall may then possibly reduce the sealing 
capacity up along the fault plane of the eastern 
Brage Horst fault. However, Weber et al (1978) 
and Berg & Avery (1995) have reported effective 
seals across sheared zones. Owing to the well- 
developed drag, a high degree of shearing and 
clay-smear in the hangingwall of the eastern 
Brage Horst fault is to be expected. Correspond¬ 
ingly, at the critical level (sand/sand juxtaposition 
seen on the 3D seismic reflection sections), the 
fault could be regarded as sealing. 

The effect of in situ stress has not been dis¬ 
cussed so far. This parameter is closely linked 
to the fault mechanisms and hydrocarbon 
migration. It is well-documented that in situ 
stresses may control the cap-rock seal as well as 
influencing the shear strength of a fracture zone 
and its reactivation potential (Sibson 1985, 
1990; Grauls & Baleix 1994; Yassir & Bell 
1995). In sealing fault studies, the effect of the 
in situ stresses and reactivation potential should 
be kept in mind. 


Conclusions 

The structural logging and description of the 
cored intervals in well 31/4-A-04 have revealed 
differences in the deformation style across the 
zone where the well intersects the eastern Brage 
Horst fault. The following observations and 
interpretations have been made: 

• Two major, easterly dipping faults (1 and 2), 
both associated with intervals of calcite-filled 
fractures, have been identified. 

• The main deformation is associated with the 
lower fault (1), which has approximately 
50 m of normal throw, whereas the upper 
fault (2) has a normal throw of 100-150 m. 

• An increasing fracture intensity is documen¬ 
ted downwards from fault 2 towards fault 1, 
with an abrupt decrease in fracture frequency 
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in the footwall of fault 1. No such systematic 
fracture distribution pattern is seen across the 
upper fault (2) which has recorded the largest 
displacement. 

• Fracture orientations are different in the 
hangingwall and footwall of fault 1. 

Both the structural description of the cores, the 
fracture frequency plot, and bedding and fracture 
orientations have revealed that the most signifi¬ 
cant break is located between segments B and 
C. This means that the lower interval of calcite- 
filled fractures is probably not localized in the 
footwall of the eastern Brage Host fault, but 
seems to represent the central part of the fault 
zone. Another observation is that the fault zone 
is narrower than expected assuming a linear rela¬ 
tionship between fault zone thickness and fault 
throw. Furthermore, the main displacement 
seems to be limited to the mineralized intervals 
and not equally or symmetrically distributed 
over the whole fractured interval. The style of 
deformation is asymmetric, and the majority of 
the structures observed are interpreted to have 
developed in response to initial movements 
along fault 1. 

Although a high degree of juxtaposition of sand 
bodies exists across the eastern Brage Horst fault 
and the majority of the fractures in the cores are 
open, it is proposed that the deformation struc¬ 
tures observed in the cores still contribute to the 
sealing capacity of the eastern Brage Horst fault. 
The possibility of a stable seal is further supported 
by a well-developed normal drag in the hanging- 
wall, which contributes to enhanced clay- 
smearing along the fault plane. 
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Abstract: The large amount of structural data available from the Gullfaks Field have been 
used to unravel the structural characteristics of the area. Two structurally distinct sub- 
areas have been revealed (a major domino system and an eastern horst complex) that 
show significant differences with respect to fault geometry, rotation and internal block defor¬ 
mation. The main faults have very low dips in the domino system (25-30°) as compared to 
the horst complex (65°), whereas most minor faults are steep in all parts of the field. Forward 
modelling indicates that the horst complex balances with rigid block operations. However, 
the domino area underwent significant internal deformation, reflected by the low acute 
angle between bedding and faults, and by non-planar bedding geometries. The internal defor¬ 
mation is modelled as a shear synthetic to, but steeper than, the main domino faults. This 
deformation explains a large-scale (kilometre sized) drag zone that has a triangular geometry 
in cross-section. Much of this shear deformation occurred by strain-dependent grain reorga¬ 
nization in the poorly consolidated Jurassic sediments, which led to a decrease in porosity. A 
strain map is presented for the domino area, indicating where the porosity is likely to have 
been decreased due to internal shear. Hangingwalls are generally more deformed (sheared) 
than footwalls. This is seen on both the kilometre scale (large-scale drag) and the metre 
scale (local drag). 


There has been a rapidly growing interest in 
understanding extensional crustal deformation 
at various scales during the last few decades. 
Common approaches include physical modelling 
(Horsfield 1977; McClay & Ellis 1987; Vendeville 
et al. 1987; Withjack et al. 1995), theoretical/ 
numerical modelling (Jarvis & McKenzie 1980; 
Houseman & England 1986; Kusznir & Ziegler 
1992; Childs et al. 1990), seismic studies (Blun¬ 
dell et al. 1985; Beach 1986; Klemperer 1988) 
and field studies (Jackson et al 1988; Davison 
et al. 1994). While theoretical and physical 
modelling are indeed important tools, they 
must be guided by and tested against data and 
observations of naturally deformed rocks. 
Detailed observations and careful collection of 
field data are therefore crucial. 

Although some well-exposed portions of rift 
systems do exist (e.g. the gulfs of Corinth and 
Suez), most rift systems are buried by syn-rift or 
post-rift sedimentary sequences and/or water. 
Exposed examples may have been brought to 
the surface by contractional crustal movements, 
causing reactivation and reworking of the origi¬ 
nal extensional structures. However, an over¬ 
whelming amount of geological and geophysical 
data have accumulated in parts of rift systems 
where moderate to large oil-fields are located. 
We believe that systematic and integrated struc¬ 
tural analysis of the various types of geo-data 
available from oil-fields in the North Sea and 
elsewhere is a key not only to improving well 
planning and reservoir management in the 


region, but also to increasing our general under¬ 
standing of extensional deformation. 

The present work is a contribution from the 
Gullfaks Oil-field in the North Sea, where more 
than 170 wells have been drilled and extensive 
well data of various types are collected. In 
addition, three-dimensional (3D) seismic data 
have recently been reprocessed and reinterpreted 
together with other field data in an integrated 
process. It represents an attempt to use and 
combine the many different types of data that 
are available from a producing oil-field to 
obtain the best understanding possible of the 
structural geology of the area. 


Regional setting 

The Gullfaks Field is located on the western 
flank of the Viking Graben (Fig. 1), where it 
occupies the eastern half of a 10-25 km wide, 
NNE-SSW-trending fault block named the 
Gullfaks fault block in this article. The Gullfaks 
fault block is one of a series of large (first-order) 
fault blocks that are easily identified on regional 
seismic lines across the North Sea. The general 
trend of these larger faults in the northern 
North Sea is N-S to NNE-SSW, reflecting the 
overall E-W extension across the rift. 

The extensional history of the North Sea dates 
back to the Devonian extensional phase shortly 
after the Caledonian collision (e.g. McClay et al 
1986). Onshore kinematic studies support the 
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Fig. 1 . Regional map of the northern North Sea (inset map) and of the Gullfaks-Statfjord area, and a profile 
across the Gullfaks Field. 
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idea of plate-scale divergent movements in the 
Devonian (Fossen 1992). The main subsequent 
rifting phases are commonly referred to as 
the Permo-Triassic and late Jurassic phases 
(e.g. Badley et al. 1988; Gabrielsen et al. 1990). 
Whereas the extension involved in the Permo- 
Triassic event is significant (Roberts et al. 1995), 
the late Jurassic deformation of the Jurassic 
sequence is more obvious on commercial seismic 
lines, and best known from well data. The pre¬ 
sent study is concerned with deformation of 
Late Triassic-Jurassic layers in the Gullfaks 
area, and thus with the late Jurassic extension 
phase. 


The Gullfaks Field 

The Gullfaks Field (Petterson et al. 1990) is 
situated east of the Statfjord Field and south of 
the Snorre Field (Fig. 1), and has been under pro¬ 
duction since 1986. Covering an area of c. 75 km 2 , 
the field is developed by three concrete platforms 
under a fully Norwegian license group consisting 
of Statoil (operator), Norsk Hydro a.s. and 
Saga Petroleum a.s. Total recoverable reserves 
amount to about 310 x 10 6 Sm 3 of oil and 
some 30 x 10 9 Sm 3 of gas, located in the Jurassic 
Brent Group, Cook Formation and Statfjord 
Formation. 


Stratigraphy 

The deepest well in the Gullfaks area (34/10-13) 
was drilled to about 3350 m depth, and pene¬ 
trated 1340 m of Triassic sands and shales of 
the Lunde and Lomvi Formations (Hegre 
Group). The base of the Triassic has never been 
reached in this part of the northern North Sea, 
and little is therefore known about early and 
pre-Triassic strata. From gravity surveys, palin- 
spastic reconstructions and regional, deep- 
seismic lines, it is, however, inferred that only 
thin sequences of sediments are present between 
the Triassic elastics and Devonian or meta- 
morphic/crystalline basement in this area. 

The Triassic Hegre Group consists of inter- 
bedded intervals of sandstones, claystones and 
shales, all deposited in a continental environ¬ 
ment. The upper part of the Hegre Group (the 
Lunde Formation) consists of medium-grained, 
fluvial sandstones and contains reserves in the 
eastern Gullfaks area. Overlying the Hegre 
Group is the Rhaetian-Sinemurian Statfjord 
Formation which consists of 180-200 m of sand¬ 
stones deposited in an alluvial environment that 


changed its character from a well-drained semi- 
arid setting to a more humid alluvial plain. 

The 370-420 m thick Dunlin Group is sub¬ 
divided into the Amundsen, Burton, Cook and 
Drake Formations. The Amundsen and Burton 
Formations consist 170-180 m of marine clay- 
stones and siltstones overlain by the regressive, 
marine, silty claystones of the lower part of the 
110-160 m thick Cook Formation, and in turn 
by muddy sandstones, sands and shales of the 
upper part of the Cook Formation. The 75- 
120 m thick Drake Formation comprises marine 
shales with varying amounts of silt. 

The Brent Group of mainly Bajocian-Early 
Bathonian age forms the upper and main part 
of the reservoirs. It is sub-divided into the 
Broom (8-12 m), Rannoch (50-90 m), Etive 
(15-40m), Ness (85-110 m) and Tarbert (75- 
105 m) Formations, all deposited in a deltaic 
environment. A broad lithological sub-division 
can be made between the shaly Ness Formation 
and the sandy intervals below and above. 

A major time gap (up to lOOMa) is repre¬ 
sented by the base Cretaceous (late Cimmerian) 
unconformity on the Gullfaks Field, separating 
Upper Cretaceous sediments from Jurassic or 
Triassic sediments, and post-dating the major 
part of the faulting history of the area. Up to 
100 m of Upper Jurassic shales (Heather Forma¬ 
tion) are locally preserved in the hangingwalls to 
the main faults in the Gullfaks Field, particularly 
in the western part. 


Structural outline 

The Gullfaks Field is characterized by two 
structurally contrasting compartments (Fig. 1, 
profile): a western domino system with typical 
domino-style fault block geometry, and a 
deeply eroded eastern horst complex of elevated 
sub-horizontal layers and steep faults. These 
two regions are significantly different as far as 
structural development is concerned, and will 
be treated separately below. Between the western 
and eastern regions is a transitional accommoda¬ 
tion zone (graben system) which is identified as a 
modified fold structure. 

The distribution of these structurally different 
areas is shown in Fig. 2, which displays an east¬ 
stepping occurrence of the accommodation 
zone as one goes from the north to the south. 
The stepping occurs across E-W transfer faults 
with high displacement gradients (rapidly 
decreasing displacement to the west). These 
E-W faults thus separate domains of contrast¬ 
ing dips. 
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Fig. 2. The areal distribution of the domino system, 
the horst complex and the accommodation zone on 
the top Statfjord fault map. 


Data and method 

The structural analysis and discussion presented 
in this work are based on the multitude of 
exploration and production data from the 
Gullfaks Field. Ten thousand kilometres of 
reprocessed 3D seismic data (ST8511) were inter¬ 
preted (1992-93). Reflections closely corre¬ 
sponding to base Cretaceous, top Rannoch 
Formation, top Amundsen Formation, top 
Statfjord Formation and an intra-Teist Forma¬ 
tion were interpreted in the entire area. Other 
formation boundaries were partly interpreted 
and partly constructed from these formation 
boundaries by use of time-converted isochore 
maps. Seismic attribute maps, dipmeter data 
and other information from the approximately 
170 wells through the Gullfaks reservoirs were 
used extensively during interpretation. Both the 
time-interpreted horizons and faults were depth- 
converted for structural analysis, using a linear 
velocity function combined with available well 
velocity (vertical seismic profile (VSP) and syn¬ 
thetic seismogram) information. The geometrical 
characteristics of the mapped formations (hori¬ 
zons) and faults are presented as maps, stereo¬ 
plots and graphs that form a foundation for 
further analysis and discussion of the structural 
geology of the Gullfaks Field. 

Two maps (top Rannoch and top Statfjord 
Formations, Figs 3 and 4) were selected for struc¬ 
tural analysis, because they coincide or closely 
coincide with the best reflectors on the seismic 
lines, and they represent a significant (450 m) 


difference in depth. The orientation of the bed¬ 
ding was extracted by sub-dividing depth maps 
into squares of 312.5mx312.5m in which the 
average strike and dip of the bedding was esti¬ 
mated. Similarly, fault maps were sub-divided 
along strike into segments of 250 m length, and 
the average strike and dip were measured/calcu¬ 
lated at or close to reservoir level (mostly at the 
Amundsen-Statfjord level). This length was 
found to be small enough to pick up all signifi¬ 
cant undulations in the fault plane geometry, 
and sufficiently large to even out some of the 
‘noise’ that occurs from inaccurate interpretation 
(the faults were systematically interpreted every 
100 m at the work station). 


The domino area 

The western domino region constitutes the main 
part of the Gullfaks Field. The deformation in 
this part of the field has resulted in a series of 
generally N-S-trending fault blocks. The faults 
defining these blocks are named FI, F2 etc. (see 
Fig. 5). They have displacements in the range 
50-500 m, and will be termed main faults in 
this work. As will be discussed in more detail 
below, the block-bounding faults in this area 
have unusually low dips (25-30° to the east) 
whereas the sedimentary strata dip gently (typi¬ 
cally about 15°) to the west. The domino fault 
blocks are compartmentalized by a series of 
smaller faults with throws generally below 
50 m. These faults, which are referred to as 
minor faults, have more variable trends, includ¬ 
ing a marked E-W trend. 


Geometry of main faults 

Orientation data extracted from depth-converted 
fault contour maps of main faults were plotted 
in stereonets as poles to planes. The results 
(Fig. 6a-e) demonstrate well the non-planar geo¬ 
metry of the main faults, and the poles to the 
faults are remarkably well-distributed along 
great circles. The latter phenomenon, which 
was also noted by Koestler et al. (1992) for two 
faults in the western part of the domino area, 
reflects the cylindrical geometry of the non- 
planar faults at reservoir level. The poles to the 
best-fit great circles (/?-axes of Ramsay (1967)) 
define the axis of curvature of the fault surfaces. 
Obviously, the easiest slip direction for the fault 
blocks is parallel to the /?-axes. Movements 
oblique to this direction would imply serious 
compatibility problems which could be resolved 
only to a certain extent by internal deformation 
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Fig. 3. Depth map of the Rannoch Formation in the Gullfaks Field. 


near the fault. The poles to the best-fit great 
circles must therefore be close to the mean slip 
direction to the main faults. Figure 6 constrains 
the mean slip direction to an easterly trend 
(090 dz 10) with a plunge of about 25-30°. It 
can also be seen from Fig. 6a-e that the lowest 
dips (dips of N-S-striking fault segments) vary 
from 30° in the west to 25° in the east. 


Geometry of minor faults 

Minor faults show a much wider range in orien¬ 
tation than the main faults (Fig. 6f ), and include: 


(1) N-S-striking minor faults sub-parallel (syn¬ 
thetic) to the main faults; (2) E-W-striking 
minor faults; (3) diagonal; and (4) steep N-S- 
striking minor faults antithetic to the main faults. 

The first category have dips that are slightly 
steeper than the main faults if they occur in the 
hangingwall (hangingwall collapse, Fig. 7), and 
somewhat lower dips if they are related to foot- 
wall collapse. Hangingwall and footwall collapse 
have been mapped in several places, but may be 
difficult to identify from seismic data alone. 
Exploration of the Gullfaks Vest structure (Figs 
3 and 4) is an example of the latter, where, 
after three pilots and two long horizontal wells, 
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Fig. 4. Depth map of the Statfjord Formation in the Gullfaks Field. 


the map pattern changed from a simple footwall 
geometry to a much more complex collapsed 
footwall rim. In this particular example, the 
collapse structures were largely restricted to the 
Brent Group (compare fault patterns of Figs 3 
and 4), and were therefore not reflected in the 
well-defined but deeper Amundsen and Statfjord 
reflectors. 

E-W-striking minor faults are typically steep 
(45-90°) and restricted to single domino blocks. 
They must therefore be related to internal block 
deformation, and are best interpreted as accom¬ 
modation structures formed during a history of 
differential slip along the main faults. They are 
also characterized by small throws (many 
<20 m and almost all <50 m). From the stereo¬ 


graphic projections (Fig. 6f) it appears that the 
N-dipping faults of this type are very steep, 
whereas a series of S-dipping E-W faults have 
somewhat lower (although still quite steep) dips. 

Diagonal minor faults, i.e. NW-SE- or NE- 
SW-striking faults, are mapped in most of the 
Gullfaks area. These faults have variable 
throws and, like the other minor faults, most 
are restricted to single fault blocks. They have 
intermediate dips, and categories (1), (2) and 
(3) together define a great circle similar to the 
main faults (Fig. 6f). 

Most antithetic faults are steep to sub-vertical 
and somewhat variable, but mostly N-S- 
striking. These faults have small (<20m) 
throws, and are less common than the other 
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Fig. 5. Labelling of main faults and fault blocks on 
the Gullfaks Field. 


types of minor faults. This expression of internal 
block deformation is interpreted as adjustment 
structures related to, for example, irregular 
block-boundary conditions. 

Dipmeter data have proved useful for identifi¬ 
cation of sub-seismic minor faults. In order to 
identify small-scale faults by use of dipmeter 
data, a change in dip and/or dip direction of 
strata must exist. Such changes can occur as dis¬ 
crete discontinuities, or the changes may be gra¬ 
dual if drag exists (i.e. a deflection of layering 
adjacent to the fault surface). 

Since the degree of bedding deflection around 
faults is related to fault dip, it is often possible 
to roughly estimate a minimum dip and dip 
direction of minor faults. Analysis of dipmeter 
data from the Gullfaks Field based on statistical 
curvature analysis techniques (Bengtson 1981) 
shows two major concentrations of dip directions 
of faults with drag: one to the east or southeast, 
and one to the west, i.e. synthetic and antithetic 
to the main domino faults (Fig. 8). The synthetic 
set appears to be more common. This corre¬ 
sponds to the higher number of synthetic than 
antithetic minor faults mapped on the seismic 
data (Figs 3, 4 and 6f). The E-W-striking 
minor faults identified from seismic interpreta¬ 
tion are, however, not readily observed on 
dipmeter data, suggesting that they did not 
develop associated drag. 


Fault zone characteristics 

Analysis of core material has demonstrated the 
presence of a relatively narrow ‘damage zone’ 
along both major and minor faults, i.e. a zone 
with an anomalously high density of minor frac¬ 
tures. The width of such zones is typically less 
than 10 m for the minor faults, and apparently 
not much wider for the main faults. 

On a somewhat larger scale, there is seismic 
and well evidence for minor faults that splay 
out from the main fault into the side walls to 
form hangingwall or footwall collapse structures 
(Fig. 7). In effect, these structures display an 
upward dissipation of deformation from the 
Statfjord Formation towards the base Cret¬ 
aceous unconformity, i.e. the loose sands of the 
Brent Group responded differently to deforma¬ 
tion than the deeper and more compacted 
strata. The deformation dissipation may there¬ 
fore be the result of more active strain-hardening 
processes up-section during deformation. 

Drag, i.e. deflection of bedding adjacent to the 
fault surface, is an expression of continuous or 
‘ductile’ deformation near the fault, where the 
non-planar bedding in principle can be traced 
continuously through the drag zone. In the 
sense used here, the deformation associated 
with drag is microscopic, i.e. associated discrete 
(discontinuous) deformation is not visible in 
cores. This deformation is identifiable from 
dipmeter data, and analyses indicate that drag 
zones up to several tens of metres wide are 
developed for more than half of the faults that 
intersect wells with dipmeter data. 

The common method of identifying faults 
from well-log correlation is by recognizing inter¬ 
vals of missing section. Since more than half of 
all faults on the Gullfaks Field have associated 
drag, it is clear that the ‘total offset’ (i.e. offset 
of a stratigraphic marker across the area affected 
by drag) will commonly be larger than the 
amount of missing section. In order to quantify 
the difference between ‘total offset’ and missing 
section, a profile was constructed through a 
drag zone identified from dipmeter data in the 
Amundsen Formation in well 34/10-C-3 (Fig. 
9a). Dipmeter data suggest that the fault dips 
45° or more to the west. Nine metres of missing 
section was identified from other well logs. Dip 
isogons were constructed parallel to the fault, 
thus assuming that the drag zone developed 
along a fault-parallel shear zone. The resulting 
profile shows that even though the missing 
section in the well is only 9 m, ‘total offset’ 
amounts to about 100 m in this extreme case. It 
is thus obvious that construction of geological 
profiles based on stratigraphic correlations 
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Fig. 6. Equal-area stereographic projections of poles to five main faults (F1-F5, see Fig. 5) (a)-(e) and minor 
faults in the domino area (f). The best-fit circle and its pole (calculated by Bingham analysis) are shown. The 
poles are expected to indicate the general slip direction associated with the main faults. The minor faults (f) are 
distinguished into four different groups: (1) minor faults synthetic to the main faults; (2) steep E-W-trending 
faults; (3) NE-SW and NW-SE-striking faults; and (4) sub-vertical N-S-trending faults. 


alone can lead to serious under-estimates of 
displacement along faults. In addition, since 
drag may affect the geometry of the reservoirs, 
an improved understanding of drag may lead to 
more correct volume estimates and identification 
of unknown hydrocarbon prospects. 

Drag zones around faults have been deter¬ 
mined from dipmeter analysis to be less than 
100 m wide. The drag zone is consistently wider 
in the hangingwall than in the footwall to faults 
(Fig. 9b), indicating stronger deformation of 
the hangingwall side of the fault. 


Geometry of bedding 

The bedding orientation data in the domino area 
were treated individually for each domino fault 
block (Fig. 5). Because of the low dips of the bed¬ 
ding, these data are best displayed as dip azimuth/ 
dip plots rather than plots of poles to bedding. 

Figures 10 and 11 show that the orientation of 
the bedding is fairly constant within each fault 
block as well as between the blocks. The average 
dips of the top of the Rannoch and Statfjord 
Formations are 13° and 16.6°, respectively 
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Fig. 8. Rose diagram showing dip directions of faults 
with associated drag. The diagram shows that N and 
S-dipping (i.e. E W-striking) faults have not 
developed drag structures detectable from dipmeter 
data. 


(Fig. 12). This difference in average dip of about 
3.6° indicates a decrease in dip from the Statfjord 
Formation and upwards through the Brent 
Group, a difference that locally can be seen 
directly on the seismic (Fig. 13). 

There is a general decrease in dip from the east 
(footwall position) to the west (hangingwall posi¬ 
tion) within the domino fault blocks, although 
variations exist within, as well as between, the 
blocks. A schematic illustration of the general 
geometry is given in Fig. 14 (inset). In order to 
better describe and quantify these changes, the 
dip of the bedding was plotted with respect to 
the distance from the nearest main fault to the 
west. This was done for each fault block defined 
in Fig. 5 for the top Rannoch and top Statfjord 
Formations, and the results are given in Table 1. 

Figure 14 shows the result of the analysis for 
fault block B (Fig. 5). A linear regression analysis 
indicates an average change in dip of 4.6 and 
3.6° kirT 1 for the top Rannoch and top Statfjord 
Formations, respectively. Table 1 shows that the 
dip gradient generally falls between 1 and 
5° km -1 in the domino system. This gradient, 
which is different for the top Statfjord and 
Rannoch Formations, varies from block to 
block. The difference in dip gradient between 
the two horizons is largest in block D (difference 
of c. 2°km *) and E (difference of c. 3.5° km A ), 
and particularly in block G where the gradients 
have opposite signs. 


A map coded with respect to dip categories of 
most of the domino area displays the general 
geometry described above (Fig. 15). This general 
picture is confirmed by analysis of dipmeter data. 
Well 34/10-8 is a vertical exploration well located 
within the domino system in the southern part of 
the Gullfaks Field. A seismic section through the 
area (Fig. 16) shows that the uppermost part of 
the well in the reservoir zone is located in the 
middle of a large fault block. Towards the base, 
the well penetrates three minor east-dipping 
faults and approaches, without penetrating, a 
fourth east-dipping fault with somewhat larger 
offset (several tens of metres). 

Stereonet plots of the different formations 
penetrated by the well (Fig. 17) show that beds 
in the Tarbert to Rannoch Formations dip to 
the west, and dip is clearly decreasing with 
depth. Beds in the Drake Formation are sub¬ 
horizontal or dip very gently to the west, whereas 
in the Cook Formation, beds dip to the east. 

Dipmeter data from well 34/10-8 show that 
it penetrates the axial surface and the crestal 
surface (the crestal surface joins the position of 
lines connecting points of minimum dip of 
successive layers). Since the well is vertical, 
such an intersection is only possible if the axial 
and crestal surfaces are inclined. The simplest 
interpretation is an east-dipping axial surface. 
This is consistent with folding of strata due to 
large-scale drag related to the east-dipping 
main fault recognized from seismic data. This 
major drag zone may be described as a triangular 
zone (Fig. 18). The zone is bounded by the main 
fault to the west and a less well-defined eastern 
boundary (there may be a gradual transition 
from the area affected by drag to the area rela¬ 
tively unaffected by drag). Seismic data indicate 
that the eastern boundary and the dip isogons 
in the zone have steeper dips than the main 
fault, and therefore intersect the main fault at 
depth (usually at the stratigraphic level of the 
Statfjord Formation or deeper). The triangular 
drag zone developed in the hangingwall to 
main faults is a large-scale expression of more 
deformation of the hangingwall than of the foot- 
wall. A similar relationship was found for minor 
faults (Fig. 9b). 


Relationship between strike of faults and 
bedding 

The strike of the bedding is seen from Fig. 19 to 
be mostly N-S with a slight NE SW component. 
Average strike direction from Bingham analysis 
(Bingham 1964; Cheeney 1983) for the top 
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Formation 

Fig. 9. (a) Construction of bedding geometry around a minor fault encountered in well 34/10-C-3, based on 
detailed dipmeter analysis. There is 9 m of missing section in the well, whereas the total offset across the 
deformation zone (including local drag deformation) is about 100 m. (b) Average interval affected by drag for 
46 minor faults in the various Jurassic formations in the Gullfaks Field. The drag zone is wider in the 
hangingwall than in the footwall. 


Rannoch and Statfjord Formations are 009 and 
006, respectively. Ideally, the strike of the bed¬ 
ding and the faults would be expected to be par¬ 
allel in a simple domino system. However, the 
faults show an average strike that is slightly 
west of north, with a maximum around 350 
(Fig. 20). This difference in strike of 15-20° can 


also be seen on the contour maps, particularly 
in blocks D-F where the contour lines can be 
traced southwards from the eastern side of the 
fault block to the western side (Fig. 4). An expla¬ 
nation for this discrepancy is that the rotation of 
the layers in the Gullfaks area was not solely con¬ 
trolled by the domino faults within the Gullfaks 
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Fig. 12. Dip azimuth/dip plots of bedding from the domino area for (a) the top Rannoch Formation, and 
(b) the top Statfjord Formation. 
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Fig. 13. Seismic line showing difference in dip between the Brent Group and the Statfjord Formation. 
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Fig. 14. Dip-distance plot for the top Statfjord and the top Rannoch Formations, fault block B (see Fig. 5 for 
location). The data indicate a general geometry similar to the one shown in the inset sketch, i.e. steepening 
bedding to the east across the fault block. 


Table 1. Statistical dip versus distance data for domino blocks defined in Fig . 5 


Block 

Rannoch Fm. 



Block 

Statfjord Fm. 



Grad (°/km) 

R 

n 

Grad (“/km) 

R 

n 

B 

4,58 

0.567 

90 

B 

3.58 

0.550 

90 

C 

(2.13) 

0.182 

20 

C 

(5.5) 

0.412 

20 

D 

4.67 

0.371 

173 

D 

2.64 

0.243 

173 

E 

6.61 

0.515 

126 

E 

3.13 

0.300 

126 

F 

3.21 

0.307 

74 

F 

2.6 

0.315 

74 

G 

8.05 

0.351 

28 

G 

-7.04 

0.522 

28 


With the exception of block C, all the listed fault blocks contain data that conform to 
significant linear correlations for a chosen risk of error of 5%. R, coefficient of linear 
correlation; n , number of observations. 
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Fig. 15. Colour-coded dip map for the main part of the domino area. The general steepening bedding to the 
east across domino fault blocks is seen across the area. An additional code indicates shear strain according to 
the relationship between bedding and shear strain indicated in Eqn 8. 


Field, but also by the more NNE SSW-trending, 
first-order faults separating the Gullfaks fault 
block from the Statfjord Field (Fig. 1). The 
strike of the bedding falls somewhere between 
the strike of the first- and second-order faults, 
and may thus have been affected by rotation 
related to both sets of faults. 


The eastern horst complex 

Geometry of faults 

The main faults in the horst complex are con¬ 


siderably steeper than those in the domino area. 
Dips of about 60-70° are common, and both 
E- and W-dipping faults occur (Fig. 20a). A 
very constant N-S strike is characteristic for 
the main faults, and these faults are more 
planar than the main faults in the domino 
system to the west. 

The Jurassic sediments that generate good 
reflectors in the main part of the Gullfaks Field 
are eroded in the horst complex. This makes 
mapping of minor faults more uncertain in the 
horst complex. Most mapped minor faults are 
relatively steep (45-70°) and run sub-parallel to 
the main faults. 
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Fig. 16. Seismic line through well 34/10-8. Note pronounced flattening of beds in the western parts of the fault 
blocks (large-scale drag). 


Geometry of bedding 

The bedding in the horst complex is sub-horizon¬ 
tal with a weakly preferred westerly dip direc¬ 
tion. A perturbation of the bedding is seen in 
the northern part of this area (around well 34/ 
10-C-2) where a doubly plunging fold with 
shallowly plunging, NW-SE-trending axial trace 
and steep axial surface has been mapped. 

Dipmeter data from the horst complex sup¬ 
port the seismic interpretation, suggesting sub- 
horizontal dips or shallow dips to the west or 
to the south. 


The transitional accommodation zone 

The zone between the domino system and the 
horst complex accommodates the difference in 
structural style between the two areas, particu¬ 
larly the difference in dip of bedding and faults 
on either side of the zone. The accommodation 
zone is a graben structure, and the bedding 
defines a fold with a W-dipping western limb 
and a sub-horizontal to gently E-dipping eastern 
limb. 


Fault geometry 

The main faults associated with the accommoda¬ 
tion zone are the easternmost domino fault, i.e. 
a relatively low-angle (25-30°) fault, and the 
steeper (65°) W-dipping fault bounding the horst 
complex to the east. Minor faults show a prefer¬ 
ence of N-S and E-W strikes with variable dip 
(Fig. 20b). Physical modelling suggests that this 
is an area of many small faults of which we have 
been able to identify only a small fraction (Fig. 21). 


Geometry of bedding 

The bedding in this zone defines a somewhat 
modified (faulted) fold with a western limb that 
dips about 15° to the west, and an eastern, 
gently E- to ENE-dipping limb. The axial trace 
of the fold trends approximately NNW-SSE, 
and the fold axis plunges very gently to the 
NNW. From the measured poles to bedding at 
Cook level in the fold area, the fold axis was 
estimated to be oriented at 345/06 (Fig. 22a). 
The opening angle of the fold is c. 160°, and 
the axial plane appears to be steep. 
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Well 34/10-C-l is located within the accommo¬ 
dation zone (Fig. 4). The well is drilled in a south¬ 
westerly direction and penetrates the eastern 
limb, the axial surface, and the western limb of 
a seismically defined gentle fold (Fig. 23). The 
fold displays a slightly east-dipping eastern 
limb, and a more steeply dipping western limb. 
Dipmeter data from this well show relatively 
shallow easterly dips in the uppermost strata in 
the reservoir zone (eastern limb) (Fig. 24). Sub¬ 
horizontal dips dominate in the hinge zone, 
changing to gradually steeper (up to 22°) westerly 
dips as one enters the western limb. The inter¬ 
section between the axial surface of the fold 
and the well is interpreted to be within the Stat- 
fjord Formation. Plotting the maximum concen¬ 
tration of poles to bedding from the two limbs 
gives a sub-horizontal fold axis with a southerly 
trend (176/01, Fig. 22b). 


The effect of compaction 

Compaction leads to a reduction in both dip and 
length of non-horizontal and non-vertical faults 
and beds. The angular changes involved can be 
expressed by the simple trigonometric relation¬ 
ship: 

0 — tan _1 [(l + A) tan0 o ] (1) 

where 0 and 0 0 are the present and initial dips of 
the fault in question. The present fault dip is nor¬ 
mally known and, assuming a compaction factor 
A, one wants to calculate the initial dip of the 
fault. Equation 1 can then be rewritten as: 

0 o = tan -1 [tan 0/(\ + A)] (2) 

On the Gullfaks Field, the main faulting 
initiated during, or immediately after, the deposi¬ 
tion of the Tarbert Formation, i.e. the top of the 
Brent Group was at the surface at the time of 
faulting. The fault surfaces were deformed by 
the subsequent compaction history of the sedi¬ 
ments, which mainly occurred while the structure 
was buried in Late Cretaceous time and overlain 
by some 2 km of mostly Tertiary sediments. 
Near-sea bottom measurements of sand porosity 
generally fall within 38-43% (Perrier & Quiblier 
1974), although the porosity is quickly reduced 
during burial. Hence, we can assume the original 
porosity of the sandy intervals of the Brent 


Fig. 17. Stereographic projections of dipmeter data 
(dip azimuth/dip of bedding measurements) from well 
34/10-8. A change from westerly dipping beds in the 
upper part of the well to easterly dips in the lower 
part confirms the seismic expression seen in Fig. 16. 
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Fig. 18. A generalized section through a domino block, showing the triangle-shaped large-scale drag zone. The 
displacement at deeper reservoir levels (d s ) is larger than at higher levels (d B ) due to the dissipation of 
deformation upwards into the hangingwall. The principal location of well 34/10-8 is indicated. 



Fig. 19. Orientation (strike) of main faults and 
bedding (Rannoch and Statfjord Formations) in the 
domino system, Gullfaks. A difference of about 10- 
20° between the fault orientations and the bedding is 
evident from the rose diagrams. See text for 
discussion. 


Group to have been around 40% (0 O = 0.4). 
Shale, on the other hand, has a considerably 
higher initial porosity (85-50% within the 
upper 10 m of a clay sequence), but decreases 
rapidly with depth. 

The present porosity of the oil-filled sand¬ 
stones of the Brent Group varies from 0 = 0.2- 
0.34 with a maximum close to 0.3. Their porosity 
can therefore be assumed to have changed from 
about 40% near sea-bottom to the present 
30%. For 0 — 0.3, using the relationship 

A = [(1-0 O )/(1-0)]~1 (3) 

which yields A = —0.14 (i.e, 14% vertical short¬ 
ening). 



Fig. 20. (a) Poles to major faults in the horst 
complex, (b) minor faults in the accommodation zone 
and horst complex. 
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Fig. 21. (a) Seismic line (912) across the accommodation zone, showing a gently collapsed fold structure, (b) 
Part of plaster model (detailed part of experiment shown in Fossen & Gabrielsen (1996)), showing a 
remarkably similar geometry to (a), but with a large amount of additional small-scale faults and fractures. 


The Brent Group consists of c. 77% sand, of 
which the upper and lower 100 m contain 90% 
sand and the middle part (Ness Formation) 
about 50% sand. For pure sandstones, faults 
with present dips of 25-30° (Fig. 6) in the upper¬ 
most part of the Brent Group would have had 
pre-compactional dips of 28.5-33.9° according 
to the numbers above (Eqn 2). Hence, it can be 
concluded that the lowering of fault dips due to 
compaction may be in the order of 4° for the 
uppermost part of the Brent Group, decreasing 
downwards through the reservoir. 

Shales of the Ness Formation were buried to 
depths of 100-200 m during faulting. Consider¬ 
able dewatering (compaction) had therefore 
already taken place prior to faulting. The sub¬ 
sequent reduction in porosity is assumed to be 
quite similar to the adjacent sandstones. The 
effect of this type of compaction history on 
initially planar faults is to form slightly convex- 
upward or ‘anti-listric’ fault geometries in the 
upper part of the reservoir because of the decreas¬ 
ing effect of post-faulting compaction with depth. 


Alternatively, if the fault had a gently listric initial 
geometry, it has been straightened out during the 
post-faulting compaction history. 

In addition to the effect on fault geometry, 
compaction would also influence the orientation 
of the bedding. For layers now dipping at 12-14° 
(Rannoch Formation, Fig. 10), a change in 
porosity from <j> 0 = 0.4 to <j> 0 — 0.3 gives a pre- 
compactional dip of 14-16°. Hence compaction 
may have lowered the dip of the bedding by an 
amount of c. 2.4° in the uppermost part of the 
Brent Group, rapidly decreasing downwards. 
Hence, the post-tectonic dip is unlikely to have 
changed significantly during the post-rift burial 
history of the pre-Tarbert Formation section, 
and the difference in average dip between the 
Rannoch and Stalfjord Formations indicated in 
Fig. 12 is largely caused bv tectonic deforr ation. 

Vertical changes in post-iauiung compaction 
could in principle give rise to large-scale drag 
or hangingwall synclines of the type shown in 
Fig. 18, but modelling shows that this effect is 
negligible on Gullfaks. 
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Fig. 22. (a) Poles to bedding in the accommodation 
zone/fold area from seismic interpretation, and (b) 
maximum concentrations of bedding from dipmeter 
data in well 34/10-Cl. In both cases, an almost N-S- 
trending sub-horizontal fold axis is indicated. 


Fault geometry, forward modelling and 
internal block deformation 

Initial fault dips 

One of the puzzling features of the Gullfaks Field 
is the anomalously low dips of the fault planes in 
the domino area, compared to the low dips of the 
sedimentary layers and to the moderate amount 
of regional Jurassic extension. In general, the 
well-known Navier-Coulomb criterion for 
brittle failure can be expressed as: 

r=C + a n n (4) 

where r and <r n are the shear and normal stresses, 
respectively, acting on the potential fracture 
plane, and p is the coefficient of internal friction 
(p = tan rj, where rj is the angle of sliding fric¬ 
tion). C is the cohesion or inherent shear strength 
of the rock. From this criterion, the angle p 
between the shear plane (fault) and the axis of 
maximum principal stress (crj) can be predicted 
to be: 

p = ±(45° — 77 / 2 ) (5) 

(e.g. Price & Cosgrove 1990). During extensional 
deformation is vertical, and the initial dip 
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Fig. 23. Seismic line through well 34/10-C-l. According to the seismic interpretation, the well penetrates the 
fold in the accommodation zone. 
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34/10-C-l 



Fig. 24. Dipmeter data (dip azimuth/dip) from well 
34/10-C-l from what is interpreted as the east limb, 
the hinge zone and the west limb according to the 
seismic interpretation (see Fig. 23). The dipmeter data 
support the seismic interpretation. 

(0 O = 90 - (p) of a normal fault will be higher than 
45° by an amount depending on rj . Based on 
studies of fault-plane solution data, Jackson 
(1987) argued that 0 0 is typically about 60°, as sug¬ 
gested by Anderson (1951). Walsh & Watterson 
(1988), on the other hand, presented fault dip mea¬ 
surements from British Coalfields, and found that 
the mean dip of normal faults is about 70° rather 
than the commonly accepted value of 60°. They 
also refer to several studies where the mean dip 
angle is, or is inferred to have initiated at values 
between 60 and 75°. Their data were collected 
from consolidated rocks (depth of faulting is 2- 
3 km), except for four syn-sedimentary faults 


which exhibited lower dips. However, faults in 
poorly consolidated sands and conglomerates 
also exhibit fault dips in the order of 60-70° in 
many extensional settings, e.g. in the Lake 
Havasu/Whipple Mountains area of Arizona/ 
California (unpublished data) and in sandbox 
experiments, and the existing data therefore do 
not suggest a significantly shallower angle of fault¬ 
ing in poorly consolidated sediments. 


Initial fault dips on Gullfaks 

The main faults in the Gullfaks Field formed in 
mostly consolidated rocks, and only the upper¬ 
most part of the fault planes affected what was 
poorly consolidated sediments at the time of 
faulting. The dip of the Gullfaks faults was 
estimated at Statfjord level (at 800-1000 m 
depth during faulting), and fault dips remain 
constant at least into the Teist Formation some 
1-2 km further down (Fig. 1, profile). According 
to the discussion above, one would expect initial 
fault dips in the order of 60-70°. 

The present dip of the main faults in the horst 
complex on the Gullfaks Field is found to be 
about 60-65°. The effect of post-faulting com¬ 
paction must have been small in the Triassic- 
Lower Jurassic layers, and even in the Brent 
Group it cannot have changed the fault dip by 
much more than 4° (see discussion above). 
Also, a very gentle westward tilting of the horst 
complex counteracts the effect of compaction. 
The initial dip of the faults in this area must 
therefore have been about 60-70°. Given the 
fact that there is no difference in the lithological 
or mechanical properties of the sediments in the 
horst and domino area, it is likely that this was 
also the initial dip of the faults in the domino 
area, i.e. that the main faults in both the 
domino area and the horst area started out 
with approximately the same dip. Otherwise, 
the maximum principal stress (c^) must have 
deviated considerably from vertical over a very 
short distance, an unlikely situation on this 
scale in an extensional rift setting. Furthermore, 
the change from steep faults in the horst area to 
low-angle faults in the domino area is closely 
associated with a change from flat to inclined 
bedding. This closely associated change in fault 
and bed geometry occurs rapidly across the 
accommodation zone, and suggests that the 
change in fault dip is not an initial feature, but 
rather is related to rotation and internal block 
deformation. 

The domino faults of the Gullfaks Field 
appear to be rooted in a low-angle detachment 
fault (Fossen et at. in press), and thus occur in 
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the upper plate of a detachment system. Upper 
plate faults typically initiate as high-angle faults 
that correspond well with mechanical models of 
fault initiation. Hence, there is no reason to 
expect that the main faults in the domino area 
on Gullfaks should not have originated as high- 
angle normal faults. Based on the discussion 
above, we will in the rest of this paper assume 
that all the main faults initiated with 60-70° 
dips. It is emphasized that the alternative model, 
where the faults in the domino area originated at 
considerably lower angles, would change some of 
the results presented below. 


The rigid domino model 

The (rigid) domino or bookshelf model (e.g. 
Jackson 1987; Mandl 1987; Axen 1988; Davison 
1989) is the simplest model that explains the 
development of sub-rectangular fault blocks 
separated by straight faults in a cross-section. 
The main assumption is that the fault blocks, 
and therefore also the associated faults, rotate 
rigidly during deformation. No internal defor¬ 
mation takes place within the domino blocks in 
this model. This implies that the cut-off angle 
between the faults and the layers remains con¬ 
stant throughout deformation, and both bedding 
and faults will rotate at the same rate and by the 
same amount. If a is the dip of the bedding and 0 
is the dip of the fault plane, then the initial dip of 
the fault (6> 0 ) is simply: 

0 o = Q + a ( 6 ) 

For the Gullfaks domino area a « 15° (aver¬ 
age pre-compactional dip, Rannoch Formation), 
and 9 «30° for the main faults. The rigid 
domino model thus gives 0 0 = 45°, which from 
the discussion above is unrealistically low. Simi¬ 
larly, if the main faults in the domino area 
initiated with dips of about 65°, their present 
dips (25-30°) indicate a rotation of the faults in 
the order of 35° (anti-clockwise when looking 
north). This contrasts to the rotation of the 
bedding in the domino area, which is about 
15°. From this, and from the fact that bedding 
is not planar, it can be concluded that the rigid 
domino model does not work satisfactorily for 
the main, western part of the Gullfaks Field 
(see also Koestler et al 1992). 


The soft domino model 

The soft domino model is similar to the rigid 
domino model except that it allows for addi¬ 
tional internal deformation of fault blocks. 


Simple models describe internal deformation as 
distributed (homogeneous or heterogeneous) 
vertical shear (Westaway & Kusznir 1993), 
inclined shear synthetic or antithetic to the 
domino faults (e.g. White et al 1986) or layer- 
parallel slip (a special case of inclined shear) 
(e.g. Higgs et al. 1991). 

A general E-W section through the Gullfaks 
Field was constructed for forward modelling 
purposes (Fig. 25). Starting with the domino 
area, we assume from the discussion above that 
the initial angle of faulting was everywhere 60°. 
Applying 30% extension (more in the domino 
area and less in the horst complex) (Fig. 25b) 
and vertical movements leads to Fig. 25c. The 
geometry in the horst complex is already similar 
to the Gullfaks horst complex geometry, and 
neither block rotation nor internal deformation 
is required here. 

The domino area, however, needs rotation 
after stage (c) in Fig. 25. This results in either 
steeply (30°) W-dipping bedding (as shown in 
Fig. 25d), or steeply (55°) E-dipping faults if 
bedding is balanced. Some additional deforma¬ 
tion must therefore be applied to achieve the 
observed geometry, for example a combination 
of rigid rotation and inclined shear parallel 
(synthetic) to the main faults (Fig. 25e). This 
model is, however, only one of many possible 
deformations that could lead to the desired 
geometric relationships. Fault-parallel shear 
(Fig. 26b), antithetic shear alone (Fig. 26c), or 
a combination of rigid rotation and layer-parallel 
(antithetic) shear as in Fig. 26d can lead to 
exactly the same angular relationship. Vertical 
shear, on the other hand, cannot produce the 
desired geometry (Fig. 26e). 

To assess this problem, it is necessary to take 
into account the non-planar geometry of bedding 
within the domino blocks. Dips of bedding up to 
25° are mapped in the footwall to faults, which 
by rigid body rotation would give initial fault 
dips of 55°. Little internal deformation is there¬ 
fore required here if the faults initiated with 
angles of 60-70°. In the hangingwall parts of 
the blocks, bedding typically approaches hori¬ 
zontal and the cut-off angle thus approaches 
30°. This demonstrates that there is an increasing 
amount of internal deformation from the east to 
the west within the domino blocks, i.e. the 
domino faults separate areas of different strain 
intensities and thus represent strain discontinu¬ 
ities in the domino system. 

The synthetic shear model can be modified to 
account for the non-planar bedding geometry. 
To model the observed low-dip triangle zone in 
the hangingwall to the domino faults, the shear 
plane must be steeper than the finite dip of the 
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Fig. 25. Forward modelling of the Gullfaks Field by use of a generalized E-W section, (a) Initial fault dips are 
chosen to be 60°. (b) Application of 30% extension, (c) vertical movements to fill the evolving gaps. Note that 
the horst complex is adequately modelled at this point, (d) Rotation of the domino system so that a 30° dip of 
the domino faults is achieved. The bedding is now dipping steeply to the left (west), and some internal block 
deformation must be applied, (e) Application of fault-parallel shear gives the wanted dip of the bedding. 
Similarly, steep W-dipping shear in the accommodation zone helps fill the open gap between the horst complex 
and the domino system. 
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Fig. 26. (a) Going from stage (c) in the domino area 
in Fig. 25, one can end up with faults dipping 30° and 
bedding dipping 15° not only by fault-parallel 
(synthetic) shear (b), but also by antithetic shear (c) 
or by rigid rotation + bedding-parallel shear (d). 
Vertical shear (e) can never produce the observed 
angular relationship between faults and bedding. 


faults (Fig. 27b). Because this simple shear model 
elegantly explains both the geometry of the bed¬ 
ding and the angular relationship between the 
faults and the bedding in a simple way, it is 
accepted as a realistic model for the internal 
block deformation in the domino area. It also 
bears geometrical similarities with the model pre¬ 
sented by Roberts & Yielding (1993, p. 240). 

In contrast, the antithetic shear model predicts 
a positive relationship between dip of bedding and 
shear strain (Fig. 27c, d). Hence, for the geometry 
indicated in Fig. 27a, there must be a triangle in 
the western and upper part of the block that is 
unsheared or less sheared than the eastern part. 
However, this implies compatibility problems if 
one wants to create the observed abrupt change 
in dip across the domino faults (open void in 
Fig. 27d). Compatibility can be maintained by a 
banded shear model, but faults then become 
highly non-planar, and bedding geometries at 
deeper parts of the reservoir do not conform 
with the actual observations (Fig. 27c). A simple 
antithetic shear model can therefore be rejected. 

The horst complex and the accommodation 
zone 

We assume that the horst and the domino area 
on the Gullfaks Field formed and deformed 
more or less simultaneously, and that the main 
faults were established at an early stage of the 
extensional history. The relatively flat bedding 
in the horst complex indicates that this area did 
not experience any finite rotation during the 
following extension, i.e. no internal deformation 
is geometrically necessary (Fig. 25c). An open 
gap evolves as the domino area undergoes anti¬ 
clockwise rotation in Fig. 25d, and the area 
between the horst complex and the domino 
system must somehow collapse to accommodate 
this development. This collapse could be 
modelled by sub-vertical (steeply west-dipping) 
shear, as indicated in Fig. 25e. However, there 
is also some evidence (seismic and well data) 
for a conjugate set of faults that is more pro¬ 
nounced in the upper part of the accommodation 
zone (Fig. 21a). Plaster experiments (Fig. 21b) 
indicate that this fault pattern is feasible, but 
that there is a significant amount of small-scale 
deformation that is not incorporated in the 
present interpretation. 


Expressions of the internal block deformation 

The deformation within the fault blocks on the 
Gullfaks Field can be sub-divided into minor 
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Fig. 27. Forward modelling, taking into account the non-planar geometry of the bedding revealed in this study, 
(a) Horizontal bedding offset by faults dipping 60°. (b) A synthetic shear model, where the shear plane is 
steeper (60°) than the domino faults (30°), produces the desired geometric properties, (c) A banded antithetic 
shear model provides strain compatibility, but the geometry of faults and bedding in the deeper parts of the 
sequence does not confirm the geometric data from the Gullfaks domino area, (d) Antithetic shear, leaving a 
triangle in the hangingwall unsheared to obtain the low-dip triangle zone. Note the resulting open void. 


faults (seismically resolvable), sub-seismic (dis- a significant difference in orientation, and sub- 

crete) fractures, and continuous (‘ductile’) defor- seismic faults may or may not reflect the 

mation (Fig. 28). A statistical fault population orientations of either large or small seismically 

study (Fossen & Rornes 1996) shows that the resolvable faults. 

total seismically resolvable fault population is As an example of the difficulties involved in 
not fractal, and that a segmented throw popula- predicting sub-seismic fault orientation, we 

tion curve exists in log-log space within the refer to a recent study of fault block B (see 

range of seismic resolution. However, minor Fig. 5). The sub-seismic (l-50m displacement) 

faults define sub-populations that follow expo- fault pattern was modelled numerically (Fig. 

nential scaling laws, although it is uncertain if 29a), based on quantitative data from an onshore 

these laws can be extended into the sub-seismic field area (Koestier et al. 1994) and assuming that 

domain. sub-seismic faults are more or less parallel to the 

The geometries and spatial distribution of sub- seismic faults. The modelling was based on an 

seismic faults are hard to predict. Comparing the old (1987) seismic interpretation of the block, 

orientation of the main faults with the seismically The seismic data resolution has since been 

resolvable minor faults (Figs 3 and 4) reveals improved by reprocessing, and seismic attribute 
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Fig. 28. The various expressions of small-scale deformation in the domino area. See text for discussion. 



Fig. 29. (a) Result of numerical simulation of fault/ 
fracture pattern in fault block B (Fig. 5) (redrawn 
from Koestler et al. 1994). (b) Recently remapped 
fault pattern of the same block after reprocessing of 
data and application of attribute analysis. Grey lines 
indicate lineaments on attribute maps that may or 
may not represent additional minor faults. See text 
for discussion. 


analyses have been applied to identify small 
faults. This allows us to test the quality of the 
numerical simulation, at least for a displacement 
range of 50-15m. 

Comparing the numerical model (Fig. 29a) 
with the improved seismic interpretation (Fig. 
29b) reveals significant differences, particularly 
regarding the length of the internal faults, but 
also in terms of orientation. Many of the newly 
mapped faults are much longer than simulated, 
and an E-W trend is more clearly present in 
the seismic interpretation than in the model. In 
conclusion, the distribution of seismically extrac¬ 
table small faults in the domino area cannot 
explain the strain variation predicted by the 
model and the non-planar bedding geometries 
described above. 

Sub-seismic faults would be recorded in the 
more than 6 km of cores collected from the field. 
Ongoing core studies have revealed suprisingly 
few sub-seismic faults and fractures more than 
10 m away from seismically mappable faults. It 
is therefore concluded that much of the internal 
deformation occurs on the microscale. 

Microscale deformation within the domino 
blocks must have involved rotation and trans¬ 
lation (sliding) of individual grains. The overall 
simple shear displacement field predicted by the 
proposed shear model (Fig. 27b) is accompanied 
by anisotropic volume loss resulting from defor¬ 
mation-induced grain packing. Grain reorgani¬ 
zation, with little grain-size reducing processes, 
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is a likely process in unconsolidated, shallowly 
buried and/or overpressured sediments. 

The model predicts a direct relationship 
between dip of bedding and shear strain 
(Fig. 27b), which can be used to make a strain 
map of the domino area. Assuming that the 
rigid rotation preceded the internal shear 
deformation, the shear strain is found by the 
relationship: 

7 = cot(<$ + a) - cot(£ + a') (7) 

where 8 is the dip of the shear plane, a is the dip 
of the bedding after the rigid block rotation but 
prior to the shear deformation, and a is the 
finite (post-deformation) dip of the bedding. 
For the special case with the shear plane dipping 
60°, a fault cut-off angle of the same magnitude 
and a rigid block rotation of 30°, the shear 
strain is simply 

7 = tan(30° - a) ( 8 ) 

The general model with decreasing dip of beds 
towards the west across the domino blocks is 
masked by local deformation associated with 
minor, block-internal faults. However, in large 
areas it is possible to apply this simple relation¬ 
ship between dip and shear strain to construct 
tentative shear strain maps (Fig. 15). This 
simple relationship between dip and internal 
block strain is clearly disturbed by minor faults 
within the domino blocks, and the shear strain 
values also depend on the orientation of the 
shear plane (60° in Fig. 15). Nevertheless, it 
gives a good overview of the general strain 
distribution in the domino area. Assuming that 
there is a negative correlation between shear 
strain and porosity or permeability due to the 
shear-related packing of grains, the map may 
be utilized in future well planning. In this 
perspective, areas of high 7 -values are more 
affected by internal shear and therefore 
represent areas of reduced permeability and 
vice versa. The map thus reflects the variation in 
porosity and permeability due to intra-block 
shearing which is imprinted on variations caused 
by sedimentological and diagenetic factors. 


Stretching estimates 

There are a number of different techniques that 
may be used to estimate extension in extended 
terranes, each of which implies certain funda¬ 
mental assumptions about the deformation 
history. For the domino area, we have already 
discussed two different types of models: the 
rigid and soft domino models. Although the 
rigid domino model has been shown to be an 


unrealistic one in the case of Gullfaks, it is still 
useful to consider this model further because it 
provides a minimum estimate of extension in 
the domino area. 

The rigid domino model assumes that the fault 
blocks, and therefore also the faults, rotate 
rigidly so that the angular relationship between 
faults and bedding is maintained throughout 
the deformation. If we assume that the bedding 
and the faults rotated rigidly by an amount of 
15° (i.e. assuming initial fault dips of 45°),we 
can use the general formula: 

0 = sin(a + 9)/ sin 9 (9) 

to obtain a minimum estimate for the extension 
in the domino area (9 — present fault dip, 
a = dip of bedding). The angular relationships 
from the domino area on the Gullfaks Field 
(a = 15°, 0 = 30°) indicate a 0 value of 1.41 
(i.e. 41% extension). Similar numbers were 
obtained by summing the fault heaves along 
interpreted seismic lines (Rannoch Formation) 
across the domino area, and by plan-view 
restoration of the top Statfjord map (Rouby 
et al. 1996). If we use the higher dips in the 
easternmost part of the domino blocks ( 20 °) 
and correct for compaction, Eqn 9 shows that 
0 could be as high as 1.6 according to this 
model. 

The soft domino model implied a (theoretical) 
rigid rotation of the bedding from horizontal to 
about 30° (Fig. 25d). The contribution from 
this rigid rotation part of the deformation can 
be found from Eqn 9 to be 0 = 1.7-1.8 (inserting 
a = 28-30°, 9 = 30°). The additional hetero¬ 
geneous shear synthetic to the domino faults 
(Figs 25e, 27b) implies an additional stretch. 
The contribution of the shear depends on the 
shear angle and the lateral and vertical variations 
in shear strain (see Fig. 27b), which makes it 
more difficult to estimate. It appears, however, 
that the soft domino model implies a total 
extension in the domino area in the order of 
80%. 

The stretching of the horst area is significantly 
smaller than in the domino area, both because 
the faults are steeper and thus contribute less to 
the total extension of the area, and because 
little internal (‘ductile’) strain appears to have 
occurred. Hence, the total extension of the Gull¬ 
faks Field (domino area + horst complex) is less 
than that of the domino area itself. 


Conclusions 

The present study of the Gullfaks Field shows 
the result of a three-stage process: ( 1 ) an 
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integrated analysis of seismic data, well data and 
other available information, resulting in a 
detailed structural interpretation; (2) geometric 
analysis of the interpretation, including analysis 
of faults and bedding, section balancing tech¬ 
niques, and compaction calculations; (3) applica¬ 
tion of the results to reservoir development. The 
result is a much more detailed knowledge about 
the reservoir. The main conclusions from this 
study are listed below. 

• The Gullfaks Field can be structurally sub¬ 
divided into a major domino system, an 
eastern horst complex, and an intermediate 
accommodation zone with a gentle fold 
structure. 

• The main faults dip c. 25-30° to the E in the 
domino area, and c. 65° to the W or E in the 
horst complex. 

• Dips of the minor faults are generally larger 
than 45°, i.e. significantly steeper than the 
main domino faults. 

• The main faults show increasing complexity 
towards higher reservoir levels, with the 
development of hangingwall and/or footwall 
collapse structures. 

• The average dip of the bedding in the domino 
area is 13.0° and 16.6° for the Rannoch For¬ 
mation and the Statfjord Formation, respec¬ 
tively. This downward increase in dip is 
related to a vertical variation in block-inter¬ 
nal deformation (large-scale drag) and to a 
lesser extent to differential post-deforma- 
tional compaction. 

• Large-scale drag affects a significant part of 
the hangingwall side of the fault block. 
Local drag in the vicinity of the main faults 
is more strongly developed, and affects 
strata in both the hangingwall and footwall 
of the faults. 

• Local drag is detected for more than 50% of 
the minor faults. However, E W-oriented 
minor faults do not exhibit detectable drag. 

• As a result of large-scale drag, there is a 
general decrease in dip to the W within the 
domino fault blocks. The average dip gradi¬ 
ent, which varies from block to block, can 
be as high as 6° km -1 . 

• Large-scale drag structures are better devel¬ 
oped in the Brent Group than in the deeper 
formations, and a triangular drag zone is 
identifiable in cross-section. 

• Continuous or ‘ductile’ deformation, as 
expressed by both local and large-scale drag, 
affects a wider zone in the hangingwall to 
faults than in the footwall. 

• Faults and bedding have slightly different 
strike directions. The rotation of the bedding 


on Gullfaks is thus thought to be related to 
the large fault(s) to the west rather than to 
the main faults within the Gullfaks Field. 

• Forward modelling indicates that the domino 
area and the accommodation zone experi¬ 
enced considerably more internal deforma¬ 
tion than the horst complex, and a soft 
domino model with considerable internal 
block deformation is suggested to explain 
the geometrical relationships observed 
within the domino area. 

• The soft domino model (assuming initial fault 
dips of 60-70°) implies an extension of the 
domino area that is in the order of 80%, i.e. 
considerably more than the c. 40-50% indi¬ 
cated by the rigid domino model. 

• Grain reorganization processes are thought 
to constitute an important part of the internal 
block deformation. 

• A general relationship is suggested between 
dip and internal block deformation, and 
therefore between dip and porosity, in the 
domino area. 

The seismic interpretation from which the data was 
extracted were interpreted in Statoil, Bergen, by 
H. Fossen, R. Hansen, J. Henden, J. Hesthammer 
and A. Thon. We thank Norsk Hydro, Saga Petroleum 
and Statoil for permission to publish the results of 
this study. G. Yielding is thanked for constructive 
comments. 
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